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ABSTRACT
The Carbon-14 uptake method for  algal t o x i c i t y  assessment Is com­
pared to  the algal assay method based on Increases  In c h lo r o p h y l l  and 
c e l l  d e n s i ty  as Indices  of growth. I t s  s im p l ic i ty  and r a p id i ty  support 
the use of the Carbon-14 uptake method f o r  r a p id  screening  of  s i n g l e  
tox icant  or composite p o l lu ta n t .  Single laboratory species or Indigenous 
phytoplankton populations may be used In th is  method.
Tr I bu ty l  t i n  ch lo r ide  was very to x ic  both to  laboratory species and 
natural phytoplankton communities obtained from the York River as I n d i ­
cated by I t s  Impact on t h e  carbon up take ,  c h lo r o p h y l l  Increase  and 
Increase In c e l l  d e n s i t y .  The d iatom, Ske I e t o nema £.o_st:9tuin was most 
s e n s i t i v e  among t h e  t h r e e  species  t e s te d  w h i le  th e  n a n o p Ia n k te r ,  
l.sochrys!s galbana was the least s ens i t ive  to  t r  I butyl t i n  ch lor ide .
C h lo r in a te d  sewage e x e r te d  a g r e a t e r  Impact on carbon uptake by 
James R iv e r  p h y t o p l a n k t o n  c o m m u n i t i e s  th a n  t h a t  o f  York  R i v e r  
p h y t o p l a n k t o n  c o m m u n i t i e s .  B e s id e s  c h l o r i n e  and I t s  a s s o c ia te d  
residuals ,  other const i tuents of the e f f lu e n t  th a t  may contr ibute  to  the  
overal l  t o x i c i t y  of  the chlor inated sewage were the nonyI phenols and I ts  
ethoxylates. As the discharge of the chlor inated sewage a t  th e  o u t f a l l  
Is r a p i d l y  d i lu te d  beyond any measurable t o x i c i t y ,  there Is no Inherent  
danger of  the  sewage d i s c h a r g e  upon t h e  r e s i d e n t  p h y t o p l a n k t o n  
communit ies. The s t a t e  o f  s t r a t i f i c a t i o n  and destra t  I f  Ica t  I on did not 
a f f e c t  th e  response of  th e  Indigenous ph y top lank ton  communities to  
t r I  butyl t i n  ch lo r ide  and chlorinated sewage.
x
GENERAL INTRODUCTION
CHAPTER I 
GENERAL INTRODUCTION
Phytoplankton are important components of aquatic ecosystems. The 
primary producer populations of estuar ies  consist p r i n c i p a l l y  of  these  
p h y to p la n k to n .  In t h e i r  r o l e  o f  s t o r in g  potentia l energy, these or­
ganisms represent the primary energy Input In aquatic ecosystems ( J o i n t  
I n d u s t r y /G o v t .  Task Force, 1969). Odum (1971) has estimated th a t  they 
account for some 60 percent of the e a r th 's  annual carbon d io x id e  f i x a ­
t i o n  and they  form th e  base o f  most a q u a t ic  food webs. Thus, I t  Is 
Imperative th a t  water q u a l i ty  condit ions be fa v o r a b le  t o  t h e i r  growth  
and re p r o d u c t io n  i f  s e r io u s  a l t e r a t i o n s  In other components of marine 
communities are to  be avoided.
Under natural condit ions,  both q u a l i t a t i v e  and q u a n t i ta t iv e  aspects 
o f  p h y to p la n k to n  p o p u l a t i o n  dynam ics  d i s p l a y  a h ig h  d e g r e e  o f  
s e a s o n a l i t y ,  c h a r a c t e r i z e d  by c e r t a i n  patterns of succession. I t  Is 
essential th a t  not only the p r o d u c t i v i t y  of  v a r io u s  systems be main­
t a i n e d ,  but  a ls o  t h e  r e l a t i v e  abundance of species according to  normal 
seasonal compositions I f  primary producers are to  support  zo o p la n k to n .  
Many zoop lank ton  g ra ze  s e l e c t i v e l y ,  o f te n  choosing t h e i r  food on the  
basis of  s ize  and shape. An Increasing number of  organisms have been 
observed t o  s u r v iv e  and grow b e t te r  on a non-diatom d ie t .  New anchovy 
larvae require  algae of about 40 urn I Ike Gymnodlnium ipJjELrvtens fo r  t h e i r
3f I r s t  feed Ing. Certa In b I va Ives prefer  the d 1 atom PhaeodactyI urn t r j c p r -
nutum but  not so f o r  C ra s s o t r e a  yjjig.!a.Lc_a (Webb, 1 9 8 1 ) .  I f  t h e
s e le c t iv e  grazing of herbivores Is a natural and widespread observation,  
then the composition of the base In the food chain w i l l  have an Impor­
ta n t  e f f e c t  on succession of zooplankton communities.
Although there  must be some discr iminat ion accord ing t o  s i z e  and
shape, c e l l s  may a ls o  be s e le c te d  or re jected on a more subt le  basis.  
The r o t i f e r  K e r a t l e l la cochJ.earXs seeks out  and ea ts  Chrysochromu I I na 
a l though Rh.Q<lQmQD3^, an a lg a e  about the same size as Chrysochromu I I na 
was selected to  a lesser ex ten t ,  even though I t  Is twice as abundant as 
Chrysochromu IJ n_a (Edmondson, 1964). Cal anus h.yp^r.bpreus was found to  be 
slow to  adapt I ts  feeding pattern to capture large p a r t ic le s  a f t e r  being 
fed on small p a r t i c l e s .  T h is  o b s e r v a t io n  suggests th a t  t h i s  species 
might reduce th e  number of  nanoplankton r e l a t i v e  t o  l a r g e  f o r m s .  
Another  copepod, Aca r t l a  c I a u s I P has been shown to  graze s e le c t iv e ly  on 
Skeletonema costatum (Smayda, 1973).
I t  has been observed th a t  net plankton and small diatoms tend to  
be more suscept ib le  t o  m o r t a l i t y  caused by p o l l u t i o n  than a re  small  
f l a g e l l a t e s  (Eppley and W eller ,  1979). Consequently, a p o l lu ta n t  which 
seems to  have no apparent e f f e c t  on the t o t a l  pr imary  p r o d u c t io n ,  may 
d r a s t ic a l l y  a l t e r  community s t ruc tu re  and composition. Such a l te r a t io n s  
o f t e n  occur when Indigenous spec ies  a re  re p la c e d  by s p e c i e s  le s s  
desirable  e c o lo g ic a l ly ,  but equally  a c t iv e  photosynthet lea l ly .  Thus, I f  
the more r e s is ta n t  species of phytoplankton are  In co m p at ib le  w i th  th e
4fe e d in g  a n d /o r  n u t r i t i o n a l  requ irem ents  of  primary herbivore popula­
t io n s ,  then energy t ra n s fe r  to  higher t r o p h i c  le v e ls  w i l l  be a f f e c t e d  
and c o n t r ib u t e  u l t im a te ly  to  s ig n i f ic a n t  e f fe c ts  on n a tu ra l ly  occurring  
desirable  populations. Therefore, t o x i c i t y  data for  phytoplankton are a 
n e c e s s i ty  to  adequately describe and pred ic t  the potentia l  e f fe c ts  of a 
tox icant  upon an estuarlne  ecosystem.
P lank ton  spec ies  o f  estuarlne lo c a l i t i e s  are much more subject to  
the to x ic  e f fe c ts  of anthropogenic Inputs from th e  land than those of  
th e  ocean ic  m i l i e u  because of t h e i r  proximity to  land masses. Also In 
contrast  to the wide ocean, the estuar ies ,  by v i r t u e  of t h e i r  r e la t i v e l y  
small s iz e ,  possess less d i lu t in g  capacity.
The to x ic  e f fe c ts  of numerous s in g le  and composite t o x i c a n t s  on 
marine ph y to p la n k to n  have been s tu d ie d .  T o x ic a n ts  l i k e  p e s t ic id es  
(Wurster, 1968; Powers e t  a I . . 1975; Biggs 1 9 7 8 ) ,  heavy m eta ls
( H o l l ib a u g h  e t  a I . . 1980; Eagle, 1981), petroleum and I t s  organic con­
s t i t u e n t s  ( VandermeuIen and Ahern, 1 9 7 6 ) ,  I n d u s t r i a l  and m unicipal  
e f f l u e n t s  (Walsh and Bahner, 1980; Walsh e t  a I . P 1982) and c e r ta in  
organometals, espec ia l ly  organomercury (Ribeyre e t  a I . r 1980), have been 
I n v e s t i g a t e d .  H o w e v e r ,  t h e  t o x i c i t y  o f  o r g a n o t l n s  on m a r in e  
phytoplankton has not been s tu d ie d  e x t e n s i v e l y .  Wong e t  a I . . (1982)  
made th e  f i r s t  Intensive e f f o r t  to  study the e f f e c t  of t r i b u t y l t l n  on 3 
freshwater phytoplankton species.
5Organotln Compounds
The increasing use of organo+in compounds has produced a growing  
in te re s t  In the Invest igat ion  of  t h e i r  ecological e f f e c t s .  In 1975, the  
world consumption exceeded 25,000 tons which Is more than 4 t im es  th e  
consumption a decade e a r l i e r  (Evans and Smith, 1975). Organotln com­
pounds have many uses. They a re  used as s t a b i l i z e r s  In th e  p l a s t i c  
in d u s t r y  (Jensen ,  1 9 7 7 ) .  They are  a ls o  In co rp ora te d  in to  b ioc ida l  
p re p a ra t io n s  such as h e r b i c i d e s ,  fu n g ic id e s  and a n t l f o u i l n g  p a in ts  
(Z u c k e rm a n  e t  a I . f 1978) and a re  used as a d d i t i v e s  In l u b r i c a n t s  
( L u l j t e n ,  1972). E a r l i e r  uses of organotin compounds were In s y n t h e t i c  
l i q u i d s  used Instead  o f  m inera l  o i l s  as d i e l e c t r i c ,  In s u l a t i n g  and 
cool ing agents In e l e c t r i c  t r a n s fo r m e r s ,  c a p a c i t o r s ,  e tc  ( L u l j t e n ,  
1 9 7 2 ) .  Most of  these  compounds w i l l  eventually  enter the environment 
where they can be leached from consumer products  by c h e m ic a l  and 
b i o l o g i c a l  (m a in ly  m i c r o b i o l o g i c a l )  processes.  M ethy l t lns  have oc­
cas iona l ly  been observed In some natural waters (Tugrul e t  a 1 . . 1 9 8 3 ) .  
F u r th e rm o re ,  I t  has been shown th a t  inorganic t i n  can be a lk y la te d  by 
microorganisms to  form to x ic  organotins (Ridley e t  a I . . 1977; Hal las  
a ± , ,  1982).
The t o x l c l t l e s  of  various t i n  compounds to  humans ( F i s h e r ,  1 9 7 5 ) ,  
t e r r e s t r i a l  an im als  ( L u l j t e n ,  1972) and phytoplankton (Wong e t  a I . . 
1982) have been studied. Genera l ly ,  organotln compounds a re  much more 
to x ic  than Inorganic t i n  compounds. Progressive Introduction of organic  
groups to  th e  t i n  atom In any Rx S n ( 4 - x ) + s e r i e s  p ro d u c e s  maximal  
b i o l o g i c a l  a c t i v i t y  against a l l  species when x = 3 ,  I . e .  for  the t r l o r -  
ganotln compounds. However, with in  the class of t r i a l k y l t l n  compounds,
6c o n s id e r a b le  v a r i a t i o n s  In t o x i c i t y  with the nature of the alkyt  group 
e x is t  (MaguIre e t  a I . . 1982). Tr tm ethy l t ln  compounds are most t o x i c  to  
In s e c ts  w h i le  for  mammals, t r l e t h y l  t i n  compounds are most to x ic  and for  
gram -negat ive  b a c t e r i a ,  t r I - n - p r o p y I t I n  compounds. T r i - n - b u t y I t 1n 
compounds a re  most t o x i c  t o  f i s h ,  fung i  and g ra m -p o s i t iv e  bac te r ia .  
Among t r lo rg a n o t ln s ,  f reshwater  phytop lankton  Is most s u s c e p t ib l e  to  
t r l p h e n y l t l n  (Wong e t  a I . f 1982) and t r  1 eye lohexy 111 n showed highest  
acarldal potency.
T r l b u t y l t l n  compounds, p a r t ic u la r ly  b l s ( t r l b u t y l t l n )  oxide (TBTO) 
are presently  widely used as pest ic ides,  In wood preservat ion, ant 1 fo u l -  
1ng and d i s i n f e c t i o n  o f  c i r c u l a t i n g  I n d u s t r i a l  c o o l i n g  w a te r .  
Formulations containing t r l b u t y l t l n  compounds are used In some h o s p i ta l  
and v e t e r i n a r y  c l i n i c s  as d is in fe c ta n ts  (L u l j te n ,  1972). Furthermore,  
t r l b u t y l t l n  compounds are appl ied for  slime control In paper m i l l s  and 
t o  p r o t e c t  t e x t i l e s  against fungal and bacter ia l  a t tack .  The treatment  
of cooling water to  keep I t  f re e  from algae, fungi and bac te r ia  presents 
a major use of t r l b u t y l t l n  oxide In the United States (L u l j t e n ,  1972).
Of s ig n i f i c a n t  Importance Is the u t i l i z a t i o n  o f  t r l b u t y l t l n  com­
pounds as mo I I use I c I des f o r  Sch I stosoma contro l .  The vectors of the  
SchIstosoma. espec ia l ly  Blomphalarla and BuI 1nus species, are eliminated  
In 24 hours a f t e r  exposure t o  concentrations of t r l b u t y l t l n  as low as 
100 -  200 ppb (Hopf and M u l le r ,  1962; Hopf e t  a I . . 1967; R i tc h ie  e t  a 1.,  
1 9 6 4 ) .  F i e l d  t r i a l s  have not only confirmed the mol I useIc Ida I e f f ic a c y  
but have also shown a high f is h  t o x i c i t y  of TBTO. The c a lc u la te d  f s a fe  
l e v e l 1 f o r  f i s h  was 1 ppb (Chi lamovltch and Kuhn, 1977). The copepod,
7A cart la  t o nsa, was s ens i t ive  to  t r l b u t y l t l n  oxide (TBTO) w i th  a l e th a l  
c o n c e n t r a t io n  for  5C# of the population (LC50) and a 144-hour e f f e c t i v e  
concentrat ion for  5056 of the population of 1.0 ug/L and 0 .4  ug/L respec­
t i v e l y  ( U ! r e n ,  1 9 8 3 ) .  T r l b u t y l t l n  c h l o r i d e  (TBTC) was found to  be 
highly to x ic  to  f i s h .  Acute m o r ta l i ty  occurred In young t r o u t  exposed 
c o n t in u o u s ly  t o  5 ppb TBTC for  10-12 days and the no-toxic  e f f e c t  con­
centra t ion  of  TBTC was estimated to  be below 0 .2  ppb (Selnen e t  a I . . 
1 9 8 1 ) .  Since the concentrations required to  k i l l  the sna i ls  are of the  
same or higher magnitude, the use of TBTC as a mollusclclde Is hazardous 
to  the environment.
Some Information Is a v a i la b le  on the mode of action of t r Io rg a n o t ln  
compounds. Mitochondrial ox idat ive  phosphorylation Is extremely sensi­
t i v e  to  t r lo rg a n o t ln  compounds (Aldridge and Cremer, 1955; Fisher, 1975; 
A l d r i d g e ,  1976). T r l a l k y l t l n  compounds also a f fe c t  the central nervous 
system o f  sheep (Zuckerman e t  a I . . 1 9 7 8 ) .  The s u l f h y d r y l  group o f  
c e r t a i n  amino ac ids  have been shown to  be bound by t r l a k y l t l n  (Tan e t  
a l . . 1 9 7 8 ) .  The e f f e c t i v e n e s s  of  th e  t r l a l k y l t l n  compounds may be 
r e l a t e d  t o  th e  ra p id  absorption and accumulation of the compounds from 
water (Stroganov e t  a 1 . r 1974). The study of the e f f e c t  of t r lo rg a n o t ln  
Insect ic ides on adenosine tr iphosphatase In h ib i t io n  In the housefly also  
showed an I n t e r f e r e n c e  o f  th e  I n s e c t i c i d e  w i th  ATPase a c t i v i t y  or  
r e l a t e d  processes associated with ox ida t ive  phosphorylation (Pleper and 
Caslda, 1965 as c i ted  In L u l j t e n ,  1 9 7 2 ) .  In s tu d ie s  w i th  the  common 
c l o t h  moth T ! neoI a b 1seI I I e I a P t r l b u t y l t l n  ox id e  seemed to  act as a 
contact Insec t ic id e  although the mode of action of o rg a n o t ln  compounds 
on Insects Is not known with c e r ta in ty  (L u l j te n ,  1972).
8The t r f a l k y I t l n s ,  espec ia l ly  t r l p r o p y l t l n  and t r l b u t y l t l n ,  e x h i b i t  
th e  h ig h e s t  a n t i m i c r o b i a l  a c t i v i t y  of a l l  the chemical species of t i n  
tested (Hal las and Cooney, 1981; Yamada e t  a I . f 1 9 7 8 ) .  Yamada and 
coworkers (1978) found t r l p r o p y l t l n  Inh ib i ted  membrane-bound ATPase and 
DNA and RNA s y n th e s is  but  not r e s p i r a t i o n .  They a l s o  n o te d  t h a t  
t r l p r o p y l t l n  caused leakage of  c e l l  c o n s t i t u e n t s  and In some cases, 
lys is  using Escha r lc.h.la .col I and BacI I I us J5.ub.ti.l-La.
Some p h ys ica l  and chemical c h a r a c te r is t ic s  of the t r I - n - b u t y I t l n  
moiety from b I s ( t r  I -n -buty  I t  I n) o x id e  (TBTO) re p o r te d  by Maguire  and 
coworkers (1983) Indicate  th a t  I t  may be moderately pers is ten t  In water.  
Although photolysis of t r l b u t y l t l n  In natural water Is f a i r l y  s low, the  
absence of  o t h e r  f a s t e r  degradat ion processes may make photolysis the  
most s ig n i f i c a n t  route of t r l b u t y l t l n  degradation In w ater  (M agu ire  s i  
a l* ., 1983).
The expanding annual use o f  o r g a n o t ln  compounds In creases  the  
p o s s i b i l i t y  of  environmental p o l lu t io n .  Since very l i t t l e  Information  
Is a v a i la b le  regard ing  t h e  env ironm enta l  f a t e  and t o x ic o l o g y  o f  o r ­
g a n o t l n  compounds In e s t u a r l n e  w a te rs ,  th e  need to  m oni tor  t h e i r  
c o n c e n t r a t io n s ,  d e te rm ine  t h e i r  f a t e ,  and assess t h e i r  t o x i c i t y  to  
m a r i n e  o r g a n is m s  has g a in e d  s i g n i f i c a n c e .  Thus, under Canada's  
Environmental Contaminants Acts (Canada Dept, of Environment and D ept ,  
o f  N a t io n a l  H e a l th  and W e l f a r e ) ,  o r g a n o t ln  compounds are a class of  
compounds about which more Information Is  sought re g a rd in g  t o x i c o l o g y  
and e n v i r o n m e n t a l  f a t e  (Wong e t  a 1 . . 1 9 8 2 ) .  N e g l i g i b l e  d a ta  a re
9presently  a v a i la b le  on the e f f e c t  of  t i n  compounds on a q u a t ic  b i o t a ,  
es pec ia l ly  on algae (Jensen, 1977).
The capacity to  degrade th e  h ig h ly  t o x i c  TBTO Is not widespread  
among b a c t e r i a  though t h r e e  fungal species  were shown to  be able to  
degrade the compound (Barug, 1 9 8 1 ) .  Barug and Vonk (1 9 80 )  d e te c te d  
bI©degradation of t r l b u t y l t l n  to  dI butyl t i n  and carbon dioxide In s o i ls .  
The p o s s ib i l i t y  ex is ts  th a t  a s i m i l a r  system occurs In th e  e s t u a r l n e  
environm ent  ( B l a i r  e t  a I . f 1982). A system of organotln d e to x i f ic a t io n  
analogous to  the well-known organomercurI a I enzym at ic  d e t o x i f i c a t i o n  
mechanism a p p a r e n t ly  Is  la c k in g  among o r g a n o t I n - r e s I s t a n t  b a c te r ia  
( B l a i r  e t  a I . P 1982).
In view of I t s  widespread use, high t o x i c i t y  and possible p e rs is t ­
ence In the environment, t r l b u t y l t l n  was selected as th e  o rg a n o t ln  f o r  
th e  p re s e n t  a lg a l  t o x i c i t y  s t u d i e s .  TBTC was used In s tead  of  TBTO 
because of  I ts  higher water s o l u b i l i t y  (Selnen e t  a I . . 1 9 8 1 ) .  For th e  
t o x i c i t y  of  o rg a n o t ln  compounds, the nature of the anionic group Is of  
secondary importance (Selnen e t  a I . . 1981). Var ia t ions  of l a b i l e  In o r ­
gan ic  or o rg a n ic  a n io n ic  s u b s t i tu e n ts ,  X, w ith in  any p a r t ic u la r  R^SnX 
series  have, In genera l  very  l i t t l e  e f f e c t  on b l o c l d a l  a c t i v i t y  In 
mammals (Maguire e t  a I . . 1982) but there are not enough data to confirm 
whether or not th is  is t rue  for  f is h  or other aquatic  organisms.
Ch I or i nated_ Sewage Ef f  I u.ent
The discharge of sewage e f f lu e n t  in to  th e  marine  env ironm ent  may 
a f f e c t  a lg a l  growth In any of  three ways; s t im u la t io n .  In h ib i t io n ,  or
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st im ula t ion  a t  low concentrat ions but In h ib i t io n  a t  high concentrat ions.  
Sewage r i c h  In nutr ien ts  w i l l  enrich the environment thereby Increasing  
phytoplankton growth re su l t in g  In eutroph I c a t  I on . On th e  o th e r  hand, 
sewage  t h a t  I n t r o d u c e s  t o x i c a n t s  I n t o  t h e  medium can I n h i b i t  
phytoplankton growth. We are concerned here with the In h ib i t o r y  e f f e c t  
of  c h l o r i n a t e d  sewage on pr im ary  product ion  In natural phytoplankton 
popuIatlons.
For s e ve ra l  decades, c h l o r i n e  has been th e  p r i n c i p a l  means for  
c o n t r o l l in g  water-borne diseases v ia  d is in fe c t io n  of drinking waters and 
sewage e f f l u e n t s  (W h i te ,  1 9 7 2 ) .  The annual production of ch lor ine  In 
North America was e s t im a te d  a t  10 .5  m i l l i o n  tons f o r  1975. Of t h i s  
amount, 3 -4  % Is used f o r  s a n i t a r y  purposes (White, 1975). Since the  
las t  est imate made by White In 1975, the use of  c h l o r i n a t i o n  f o r  water  
and wastewater has Increased 20-40$ (Davis and Fava, 1983).
Chlorine and I ts  associated oxidants have h i s t o r i c a l l y  been con­
s id e r e d  t o x i c  a t  low concentrations to  marine phytoplankton (Carpenter  
e t  a I . . 1972; Epp I ey , 1976; Goldman and Davidson,  1 9 7 7 ) .  The
t o x i c i t y  o f  t h e  p roducts  of  c h l o r i n a t i o n  on e s t u a r l n e  and marine  
p h y t o p l a n k t o n  has been s t u d i e d  by s e v e r a l  w o r k e r s .  By u s i n g  
p h yto p la n k to n  c u l t u r e s ,  HIrayama and Hirano (1970) measured the e f f e c t  
of c h lo r in a t io n  on the photosynthetic a c t i v i t y  of  Skeletonema £LO_s±a±Uin. 
They found th a t  the c e l l s  were k i l l e d  when subjected to  1 .5 -2 .3  mg/L of 
ch lor ine  for  5 and 10 minutes. With Ch I amydomonas. t h e r e  was no I r r e ­
v e r s i b l e  damage even when the alga was subjected to  20 ppm ch lo r ine  or 
more with the same exposure period. Hamilton e t  a I . (1 9 7 0 )  measured a
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91# decrease In primary p roduct iv i ty  during In te rm i t te n t  c h lo r in a t io n  In 
a power p lant  cooling water system. S im i la r l y ,  the  c h lo r o p h y l l  a. con­
c e n t r a t i o n  was r e d u c e d .  I t  has a l s o  been found t h a t  lo w - le v e l  
c h lo r in a t io n  can lead to  s i g n i f i c a n t  s h i f t s  In spec ies  c om pos it ion  o f  
m arine p h y to p la nk ton  communities (Sanders and Ryther, 1980). A review 
of the Impact of c h lo r in a t io n  processes upon marine ecosystems Is g iven  
by Davis and MIddaugh (1976) .
The t o x i c  e f f e c t  o f  c h l o r i n e  In sewage e f f l u e n t  on e s t u a r l n e  
organisms are well known In V i r g i n ia .  Since the Implicat ion of ch lor ine  
as the cause of a major f is h  k i l l  In the  James R iver  du r ing  t h e  Spr ing  
of 1973 and again In 1974 (Bel lanca and B a i ley ,  1977), numerous studies  
were made on the to x ic  e f f e c t  of ch lor ine  on the estuarlne  organisms In 
t h e  C h e s a p e a k e  Bay ( R o b e r t s  and l l l o w s k y ,  u n p u b l is h e d  data  on
phytoplankton responses; Roberts e t  a I . . 1975; R ob e r ts ,  1977; Roberts
and Gleeson,  1978; Roberts, 1978; Bender .et_.2LL*., 1977; Roberts e t  al 
1979; Roberts, 1980a,b; La ird  and R o b e r ts ,  1 9 8 0 ) .  A 50# decrease  In 
pr im ary  p ro d u c t io n  was e f f e c t e d  In n a tu r a l  phytoplankton communities 
when ch lo r ine  doses of  0 .29 to  1.91 mg C ^ / L  were a p p l ie d  (R o b e r ts  a ±  
a l . . 1980).
Objectives
The p re s e n t  study has s e v e ra l  ob je c t iv es .  They are broadly sum­
marized under two phases In t h i s  study with the fo l lowing ob jec t ives :
14(a) t o  e v a l u a t e  t h e  C-uptake method as an algal bioassay proce­
dure as compared to  the cel I growth method, and
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(b) t o  d e te rm in e  th e  t o x i c i t y  o f  TBTC and ch lo r ina ted  sewage to
14natural phytoplankton populations using the C-uptake method.
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INTRODUCTION
In te s t in g  the t o x i c i t y  of a p o l lu t a n t  to  a q u a t ic  organism s, th e  
e f f e c t  s tu d ie d  Is  o f t e n  th e  growth o f  p o p u la t io n s  of  small aquat ic  
organisms l i k e  b a c t e r i a  and a lg a e .  In such e x p e r im e n ts ,  groups of  
organisms are exposed to  to x ic a n t  concentrations high enough to  In h ib i t  
the biomass Increase In a t  l e a s t  2 t e s t  groups. Biomass In c re a s e  Is  
f o l l o w e d  by re p e a te d  c o u n t in g  of  th e  organisms d u r ing  an I n t e r v a l  
several t imes the generation p e r io d  of  th e  s p e c ie s .  To d e s c r ib e  th e  
e f f e c t s  o f  t h e  t e s t  compound on th e  growth o f  p o p u la t i o n s ,  usually  
algae, several parameters  have been used such as minimum I n h i b i t o r y  
c o n c e n t r a t i o n ,  minimum a l g l c l d a l  concentrat ion, a l g l s t a t l c  concentra­
t i o n ,  no -observed-ef fect -concentra t Ion ,  e f f e c t i v e  c o n c e n t r a t io n  a t  50% 
I n h i b i t i o n  (EC50) (Kooljman et  a I . . 1983) and concentrat ion th a t  stimu­
la tes 20% growth (SC20) (Walsh and Alexander, 1980).
In g e n e r a l ,  a q u a t ic  an im als  have been found to  be more se n s i t iv e  
than algae to  s ing le  po l lu tan ts  such as pestic ides and heavy metals, but 
t h e r e  Is  evidence t h a t  algae are more sens i t ive  than animals to  complex 
wastes, such as In dus tr ia l  and municipal e f f lu e n ts  (Walsh e t  a l . . 1980).  
I t  Is  a w e l l - e s t a b l i s h e d  f a c t  t h a t  most of the n u t r i t i o n  of algae Is 
derived from d isso lved  chem ica ls  In water  and, t h e r e f o r e ,  one would
14
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ex p e c t  a lg a e  to  be good In d ic a to r s  of any changes In the chemical en­
vironment (P a t r ic k ,  1973).
In g e n e r a l ,  b ioassay  procedures f o r  phytoplankton have Involved
enumeration of populations or biomass determ!nation over t ime (expressed
as s p e c i f i c  growth r a t e ,  biomass or c h lo r o p h y l l  .a concentrat ion) or
1 4measurement of  functional parameters (such as C -u p ta k e ,  c e l l  energy  
charge) of  populations.
The use of algae, p a r t i c u la r ly  diatoms, as b ioassay organisms was 
f i r s t  developed a t  the Academy of Natural Sciences In Phfladephla (ASTM, 
1964). In these studies, I t  was found th a t  an Inoculum must be In th e  
log phase of  growth In order to  produce r e l i a b l e  and repeatable r e s u l ts .  
F a i r ly  la r g e  sample counts a re  necessary In o rd e r  to  g iv e  r e l i a b l e  
e s t im a te s  o f  numbers o f  c e l l s  present In each t e s t  f la s k .  Batch c u l ­
tures a re  u s u a l l y  grown f o r  a d u r a t io n  o f  5 t o  7 days. At  v a r io u s  
I n t e r v a l s  du r ing  th e  t e s t ,  f lasks  are withdrawn, ce l l  counts are made, 
and comparisons developed between the control population and populations  
exposed t o  v a r io u s  c o n c e n t ra t io n s  of the t e s t  chemicals. I t  has been 
found th a t  concentrations which produce a 50% reduc t ion  In growth r a t e  
In diatoms a re  q u i t e  s i m i l a r  t o  those  c o n c e n t r a t io n s  producing 50% 
m o rta l i ty  (LC50) In f is h  and Inver tebrates .  This has been shown to  be 
p a r t i c u l a r l y  t ru e  fo r  mixed Industr ia l  wastes though the c o r r e la t io n  Is 
not evident for  s ing le  chemical species (P a t r ic k ,  1956).
In t h i s  s tudy ,  the  response o f  t h r e e  a lg a l  spec ies  t o  a model 
to x ic a n t ,  TBTC were measured using t h r e e  In d ic e s  of  response namely
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In creases  In c e l l  number, chlorophyll  concentration,  and carbon uptake.
The s p e c i f ic  ob ject ives  of th is  study were:
14(a )  t o  compare the EC50f s obtained from C-uptake measurements to  
the EC50»s based on Increases In c e l l  numbers and c h lo r o p h y l l  
concentration,
(b )  to  c a l c u l a t e  th e  EC50f s of  TBTC f o r  t h e  3 p h y t o p l a n k t o n  
species based on the three parameters,
( c )  to  c a l c u l a t e  t h e  EClOO's of  TBTC f o r  th e  3 p h y t o p l a n k t o n  
species based on the three parameters, and
(d) compare the photosynthetic EC50's measured on Day 0 and Day 1.
METHOD AND MATERIALS
Gene.ra.L Cultu re  Condit io n s :
Three species of algae representing d i f fe r e n t  taxa were employed to
study t h e  t o x i c i t y  o f  t r i b u t y l t l n  c h l o r i d e  to  marine phytoplankton.
Ske i etonema costatum. a diatom, Prorocentrum mar Ia e -1 ebourIae ( f o r m e r ly
m I n Ima) f a dlnof I agel I ate and the prymneslophyte, Isochrysls galbana
were chosen for  the study. Ske I etonema costatum Is th e  marine a lg a l
spec ies  recommended by EPA f o r  t o x i c i t y  tes t ing  (USEPA, 1978). Each
algal species was c u l t u r e d  In Er lenmeyer f l a s k s  a t  20 ±  4 °C w i th  a
- 2  -1l i g h t  i n t e n s i t y  o f  86 uEm s ( ran ge  of 75 t o  95)  and a 14 hour
I Ig h t :10 hour dark cycle (USEPA, 1978). A f te r  a period of 5 t o  7 days,  
th e  c u l t u r e  was re  Inoculated Into  100-150 ml fresh c u l tu re  media. The 
medium used was an a r t i f i c i a l  seawater  e nr iched  w i th  Gull  l a r d ’ s f / 2  
(Tables 1 and 2) (Gull  lard and Ryther, 1962).
Cel l  counts were made da l ly  to  ensure algae were In the logarithmic  
growth phase before they were used for  tox lco log lca l  studies .  C e l ls  In 
logari thmic growth were used because they  are  In a more v igorous  and 
h e a l t h y  c o n d i t io n  than c e l l s  harvested In other growth phases. A p lo t  
of I ° 9 | q N with respect to  t ime Indicates  lo g a r i th m ic  growth when th e  
curve Is l in e a r .  Cultures used were nonaxenlc.
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i 1 : Sy n + h e t I c  
( K e s t e r  e t
S e a w a t e r  F o r m u l a t i o n  
a l., 1 9 6 7 ) .
f o r
Compound Caclc eAtrat.Lo_D,
NaC I 2 4 . 0 0 9
Na^SO.  2 4 4 . 0 0 g
H3 B03 0 . 0 3 g
C a C I2 .2 H 2 0 1 .4 7 g
M gC I2 . 6 H 2 0 1 1 0 . 7 8 g
Na2 S ! 0 3 .9 H 2 0 3 0 . 0 0 mg
KC I 7 0 0 . 0 0 mg
NaHC03 2 0 0 . 0 0 mg
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T a b l e  2 :  S e a w a t e r  E n r ic h m e n t  F o r m u l a t i o n ,  G u i l l a r d f s f / 2  
In f i n a l  medium c o n c e n t r a t i o n .
M a c r o n u t r  I e.nt.s Cqnce.ntr  g t.l o n /L J _ te r
NaNOj 75 mg
NaH2 P04 .H 2 0 5 mg
Na2 S I 0 3 . 9 H 2 0 10 mg
T h i a m i n e  HCI 0 . 1 0  mg
B I o t  I n 0 .50 .  ug
Bj 2 0 . 5 0  ug
Xcac fe_MgtaJ.s
Cu S0 ^ . 5 H 2 0 0 . 0 0 2  mg
Z n S 0 ^ .5 H 2 0 0 . 0 0 4  mg
CoC I 2 . 6 H 2 0 0 . 0 0 2  mg
MnCl2 . 4 H 2 0 0 . 0 3 6  mg
Na2 Mo04 . 2 H 2 0 0 .0 0 1  mg
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Preparation of A r t ?f I.cl.al. Me.dj.a_:
S y n t h e t ic  seawater  was chosen as th e  medium f o r  t h i s  study to  
Insure constancy o f  com posit ion  and q u a l i t y  even though t r a c e  con­
taminants might be present. The a r t i f i c i a l  seawater for  the algal assay 
was made using the formula recommended by EPA (USEPA, 1978) as adapted  
from K e s te r  e t  a I. (1967) (Table 1 ) .  The medium was d i lu ted  to  a f in a l  
s a l i n i t y  of 20 o/oo with d i s t i l l e d  water. S a l in i t y  was measured using a 
refractometer  (American Optical Corp.,  Buffa lo ,  New York).  A l l  prepara­
t ions  were made using g l a s s - d i s t i l l e d  deionized water.
T r  I ( H y d ro x y m e th y  I ) Am I nomethane was added t o  th e  a r t i f i c i a l  
seawater a t  50 mg per l i t e r  t o  augment th e  b u f f e r i n g  c a p a c i ty  of  th e  
medium. The pH was adjusted to  8 .0  ±  0 .2  with hydrochloric acid . The 
medium was f i l t e r e d  by passing through a 0 .4 5  urn M I M I p o r e  f i l t e r  to  
remove p a r t ic u la te s .
The c u l tu re  medium was enriched with the f / 2  medium of Gull lard and 
R yth er  (1 9 62 )  as recommended by EPA (USEPA, 1 9 7 8 ) .  The enrichment  
formula was prepared as 4 s e p a ra te  stock s o lu t io n s  (m a c r o n u t r i e n t s ,  
v i t a m i n s ,  t r a c e  m eta ls  and sod I urn molybdate)  In d i s t i l l e d  water and 
autoclaved. Sodium molybdate was prepared as a s e p a ra te  stock because 
I t  caused c lo u d in e s s  when added t o  the  t rac e  metal stock. One ml of 
each stock solut ion was added to  the a r t i f i c i a l  seawater to  p ro v id e  th e  
desired concentration In the f in a l  enriched seawater. Enrichment stocks 
were stored In a r e f r i g e r a t o r  a t  4 °C .  A r t i f i c i a l  seawater  was a ls o  
stored a t  t h i s  temperature.
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Rigorous cleaning of glassware Is required to  avoid co n ta m in a t io n .  
A l l  g la s s w a re  was soaked In d e te r g e n t  (A lconox)  s o l u t i o n ,  brushed  
thoroughly and rinsed with tap  w a te r .  The g lassware  was then r in s e d
T r l b u t y l t i n  c h l o r i d e  (TBTC) was purchased from Aldr ich Chemical 
Company, Milwaukee, Wisconsin. I t  Is a c l e a r ,  v iscous l i q u i d  o f  ex­
t r e m e ly  pungent odor. Since the pu r i ty  and density of the compound are 
known, stock solutions of t r l b u t y l t i n  c h l o r i d e  o f  known c o n c e n t r a t io n  
can be prepared by dissolv ing a known weight of the compound In a given 
volume o f  s o lv e n t .  The TBTC stock s o l u t i o n  was prepared In g l a s s -  
d i s t i l l e d  acetone (B u rd ic k  and Jackson L a b o r a t o r ie s  In c . ,  Muskegon, 
Michigan). Low concentrat ions of TBTC solutions were prepared from th e  
stock by ser ia l  d i lu t io n  with g I a s s - d I s t I I  Ied acetone.
Enr iched a r t i f i c i a l  seawater was dispensed Into 1-1 I t e r  Erlenmeyer 
f l a s k s  and warmed t o  th e  ambient te m p e ra tu re  o f  th e  c u l t u r e  room.  
Meanwhi le ,  samples of  th e  s tock c u l tu re  were counted to  determine the  
c e l l  density . To each 1-1 I t e r  Erlenmeyer f l a s k  was added a volume of  
the stock algae which gave the desired I n i t i a l  c e l l  density In the fresh  
media. For the severa l  TBTC c o n c e n t r a t io n s ,  th e  same volume of th e  
appropriate  stock solut ion was added to  each treatment f la s k  so th a t  the
3 2tw ic e  In d i s t i l l e d  w a te r .  Glassware was autoclaved a t  14 x 10 kg/m 
pressure and 120°C for  15 minutes.
EXPERI MENTAL DESIGN
Procedure;
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acetone concentration In each f la s k  was constant a t  1 mg/L w h i le  y i e l d ­
ing th e  d e s i re d  f i n a l  TBTC concentrat ions. The contents of each f lask  
was mixed and then equal amounts (120 ml) were dispensed In to  f i v e  250 
m I - E r I e n m e y e r  f l a s k s .  The f i v e  r e p l i c a t e  f l a s k s  were capped w i th  
aluminum f o i l .  Three f lasks  fo r  each treatment were placed randomly on
an Eberbach shaker running a t  100 ±  5 oscl I I ations/ml n and I l luminated
-2  -1with an In ten s i ty  of 86 uEm s (range of 75 to  95) from a bank of cool 
w h ite  f lu o re s c e n t  l ights  suspended above. L ight  In ten s i ty  was measured 
with a LI Cor L I -188 In tegra t ing  Quantum meter. Dal ly  monitoring of c e l l  
d e n s i ty  and c h lo r o p h y l l  le v e l  were c a rr ie d  out with these t r i p l i c a t e s  
for  each treatment. Incubation temperature was maintained a t  20 ±  4 °C.
The two rem ain ing  r e p l i c a t e s  were used f o r  measurement of  th e  
p h o to s y n th e t ic  r a t e s  o f  th e  p h y to p la n k to n  exposed t o  t h e  v a r i o u s  
t o x i c a n t  c o n c e n t r a t io n s  a t  Day 0 (upon I n i t i a l  exposure)  and Day 1 
( a f t e r  24 hours of exposure).  The r e p l ic a t e  of each treatment used f o r  
24 hour exposure t e s t s  were Incubated under the same conditions as the  
t r i p l i c a t e s  used to  measure growth ra te  except th a t  they were placed on 
a separate Eberbach shaker.
MEASUREMENTS:
(aroxth. Rate Studies:
I n i t i a l  c e l l  dens i t ies  ran g in g  from 5000 t o  10000 c e l l s / m l  were 
used f o r  t h e  b io a s s a y s  as recommended by EPA (USEPA, 1 9 7 8 ) .  For  
SkeIetonema. a higher c e l l  density of 55,000 cel I s/ml used.
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In I n i t i a l  e x p l o r a t o r y  s t u d i e s ,  a logari thmic series of tox ic a n t
concentrat ions i . e .  1, 10, 100 and 1000 ug/L (ppb) were t e s t e d .  The
14e x p l o r a t o r y  s tu d ie s  were conducted with C-uptake experiments. Based 
on the exploratory s tudies ,  narrow concentrat ion in terv a ls  were selected  
fo r  the d e f i n i t i v e  assays.
In th e  growth s t u d i e s ,  two parameters  were used to  est imate the  
biomass, namely, s ta n d in g  crop as c e l l  number and c h l o r o p h y l l  sl 
c o n c e n t r a t i o n .  Two methods o f  est imating c e l l  density were employed. 
For Isochrysls . a Coulter  Counter  was u t i l i z e d .  E l e c t r o n i c  p a r t i c l e  
c o u n t in g  o f f e r s  t h e  most r a p i d ,  p r a c t i c a l  and s t a t i s t i c a l l y  accurate 
measurement of population density (USEPA, 1978). A known volume of  th e  
c u l t u r e ,  u s u a l l y  1 to  2 ml was removed, d i lu te d  with Isoton and then 
counted using a Coulter  P a r t i c l e  Counter  (Model TA I I )  w i th  a 70 urn 
o r i f i c e .  Dupl icate  counts were made for  each treatment f lask  to  deter­
mine c e l l  density a t  da l ly  In te rv a ls  fo r  7 days.
D i re c t  c e l l  counts In b r ig h t  f i e l d  with an inverted microscope were 
used to  est imate cel 1 numbers o f  Ske I e to n ema and Erjoroceptr.ujn. From 
each treatment f la s k ,  two samples of  1 ml each were p ipetted In to two 1-  
Inch diameter count ing w e l l s .  To d i s c r i m i n a t e  l i v e  c e l l s  from dead 
c e l l s ,  two to  three drops of  1< (w/v) Evans blue solut ion were added to  
each w e l l .  Evans blue (an a c id ic  monoazo dye) Is a morta l  s t a i n  which 
s t a i n s  q u ic k l y  and remains In the p lant  c e l l .  I t  has been recommended 
for  I I ve-dead determination for  many algal c e l l s  In c lu d in g  Ske I etonema 
and Prorocentrum (Reynolds o t  a l , 1978). The sample was ag i ta ted  and
24
allowed to  s e t t l e  fo r  a few minutes before counting. For P roroce n trum P 
\% Evans b lue  In \% f o r m a l in  s o l u t i o n  was used t o  I n c a p a c i t a t e  the  
c e l l s .  For each w e l l ,  l i v e  c e l l s  In f i v e  f i e l d s  were counted .  Under 
each magnif icat ion,  the area of the rectangular g r id  In the ocular piece 
was c a l ib ra te d  using a stage micrometer. From the a rea  of  t h e  r e c t a n ­
g u la r  g r i d ,  the to ta l  area of  the c i r c u la r  well and the number of  c e l l s  
per g r id ,  one can determine the c e l l  density . From these d a ta ,  a graph  
of l i v e  c e l l  number verses time was p lo t ted  fo r  a durat ion of 7 days.
Chlorophyll  content as an Index of biomass was estimated d a l ly  (see 
Fluorometric  Determination of C h lo ro phy l l ) .  The chlorophyll  content  (ug 
Chi .a/L) was p lo t ted  against t ime for  a duration of 7 days.
FI uorometr I .c Determ i n a t  I .o.n. of. .QhJ orophy I I :
Samples of  1 t o  5 ml were f i l t e r e d  under low vacuum through a 
Whatman GF/C glass f ib e r  f i l t e r .  The f i l t e r  was folded with the aid of  
a pa ir  o f  tw e e ze rs  and p laced In a 16 x 100 mm g la s s  c u l t u r e  tube  
coated black to  exclude l i g h t .  The tube contained a premeasured a l iq u o t  
of  dimethyl su l fox ide  ( DMSO): acetone:  w ater  a t  a 9 : 9 : 2  ( v / v / v )  r a t i o .  
The tube  was c losed  w i th  a t e f l o n - l i n e d  screwcap and the f i l t e r  was 
extracted fo r  a t  least  2 hours a t  ambient temperature .  Dur ing e x t r a c ­
t i o n ,  samples can be stored a t  ambient laboratory temperature fo r  up to  
32 days with no s ig n i f i c a n t  change In th e  r e s u l t s  (Hayward and Webb, 
unpub I .  manuscript) .
F luore sc e nc e  was measured on a Tu rn er  I I I  F l u o r o m e t e r .  The  
f Iu o r o m e t e r  was c a l i b r a t e d  s p e c t ro p h o to m e t r le a  I Iy w i th  c h lo ro p h y l l
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s o lu t io n s  o f  known c o n c e n t r a t io n  using th e  e quat io n  of  J e f f r e y  and 
Humphrey (1975) .
F lu o re sc e n c e  of  unknown samples was measured a t  a s e n s i t i v i t y  
s e t t i n g  t h a t  gave a mid scale reading. The fluorescence readings were 
converted to  concentration of chlorophyll  3  by m ult ip ly ing  the  re a d in g s  
by the appropriate  c a l ib r a t io n  fa c to r .
ug Chlorophyl I sJ\. = F x R  x V / V  ,
S S 6  S
where Fg = c a l ib r a t io n  fa c to r  fo r  the s e n s i t i v i t y  s e t t in g ,  S,
Rg = reading of the fIuorometer for the s e n s i t i v i t y
s e t t in g ,  S,
Vg = volume of  sample used, and
V0 = volume of the ex trac t ing  solvent used.
Measurement of Photosyn th e t i c Rate:
Radiolabeled bicarbonate was used to  estimate the amount of  carbon
f i x a t i o n  ( S t r i c k l a n d ,  1 9 6 0 ) .  A m o d i f i c a t i o n  of  Goldman’ s method
(Goldman e t  a I.. 1981) was used. A 5 ml sample of th e  c u l t u r e  w i th  th e
t o x i c a n t  added was p ipet ted  Into a s c i n t i l l a t i o n  v ia l  followed by 0 . 1 -  
140 .2  uCI of  C - la b e le d  b ic a r b o n a te  and capped. For each t r e a t m e n t ,  
t r i p l i c a t e  v i a l s  were Incubated f o r  2 hours a t  20°C with a maximum 
l i g h t  I n t e n s i t y  o f  280 uEnrf^s”  ^ ( ran ge  o f  267 t o  2 9 4 )  In a l i g h t  
Incubator. One addi t iona l  v ia l  was Incubated In the dark by wrapping I t  
In a double layer of aluminum f o i l .  The In c u b a to r  had a c i r c u l a t i n g  
water system maintained a t  20°C by a Temptrol u n i t .  L ight In ten s i ty  was
measured by a LICor L I -188  In tegra t ing  Quantum meter. The 2 - p I  quantum
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sensor was placed In the chamber facing the d i re c t io n  of maximum l ig h t  
In te n s i ty .  Temperature of th e  c i r c u l a t i n g  water  was measured w i th  a 
standard stem thermometer.
A f te r  2 hours, the Incubation was terminated by addit ion of  1 ml of  
a methano I : g I ac I a I a c e t i c  ac id  mixture (9 5 :5 ,  v /v )  to  each v i a l .  The 
v ia l  contents were then evaporated to  dryness In an oven a t  65 t o  75°C  
with in  a fume hood. A f te r  drying, 2 ml of d i s t i l l e d  water were added to  
dissolve the re s id u e .  A f t e r  r e c o n s t i t u t i o n ,  10 ml of  s c i n t i l l a t i o n  
f l u i d  (Aq uasol 2) was added to  each v i a l .  The contents were then mixed 
by shaking and kept In the dark overnight to  minimize chemlI urn I nescence  
when c o u n te d  In a Beckman LS150 S c i n t i l l a t i o n  S p e c t r o m e te r . The 
measured r a d io a c t iv i t y  represents  th e  sum o f  la b e led  p a r t i c u l a t e  and 
n o n -v o la t i l e  DOC (Schindler  and Holmgren, 1971; LI and Goldman, 1981).
The presence of  a r a d i o a c t i v e  carbon Isotope per se has no short
term e f f e c t  on the metabolism of a p lan t  which might in v a l id a te  th e  use 
14of C as a t r a c e r  (Holm-Hansen e t  a l P 1958). Incubation of a sample In 
the dark Is r e q u i r e d  t o  e s t im a t e  th e  background uptake due t o  non-  
p h o to s y n th e t Ic  processes such as a b s o rp t io n  o f  th e  label  onto  c e l l  
surfaces. Another set  of t r i p l i c a t e  samples each w i th  th e  same amount 
o f  labe l  added was used t o  es t im ate  the to ta l  r a d io a c t iv i t y  added per 
v ia l  •
The carbon uptake ra te  Is determined from the equation:
Carbon Uptake = (cpm^-cpmp)/cprrUj. x to ta l  C(mg/L) x 1/hour x 1.05 
where,
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number of counts per minute fo r  each treatment Incubated In 
the l i g h t ,
number of counts per minute for each treatment Incubated In 
the dark,
to ta l  count per minute added to each treatment v i a l ,
I s o t o p ic  d i s c r i m i n a t i o n  factor  for  the small d i f fe re n c e  In
12 14 14uptake of C verses C. (The C Iso tope  behaves r a t h e r
d i f f e r e n t l y  from t h e  Isotope (S t r ic k la n d ,  1960). This
correct ion  Is somewhat uncerta in . )
Determ!nation of. Total I norganic Carbon:
Total Inorganic carbon was determined by the method o f  S t r i c k l a n d  
and Parson ( 1 9 7 2 ) .  The te m p e ra tu r e  and pH of  a 100 ml sample were 
determined with a stem thermometer and a Corning pH meter r e s p e c t i v e l y .  
T h is  was th e  I n i t i a l  pH. To th is  sample was then added 25 ml of 0.01N 
hydrochloric  ac id .  To acce lerate  mixing, a magnetic s t i r r e r  was used.  
The pH was then read again; t h i s  was termed the f in a l  pH. The amount of  
Inorganic carbon per l i t e r  Is determined from the formula,
mg C/L = TC x 12
and TC = CA x Ft
where Ft  Is obtained from Table V I . 9 (S tr ick land  and Parsons, 1972)
using values of pH In s i tu  and s a l i n i t y ,  
and CA = TA -  A (mEq/L),
where A Is obtained from Table V I . 8 (S tr ick land  and Parsons, 1972)  
using values of pH In s i tu  and s a l i n i t y  
and TA = 2 .500 -  1250 ( a H / f ) ,
cpm  ^ =
cpmD =
cprrtp = 
1.05 =
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where aH Is obtained from Table V I . 5 (S t r ic k la n d  and Parsons, 1972) 
using the f in a l  pH,
and f  Is  o b ta in e d  from T a b le  V1.6 (S t r ic k la nd  and Parsons, 1972) 
from s a l i n i t y  and an estimated pH range, 
where TC Is the Total CC  ^content ,
CA Is the Carbonate A l k a l i n i t y ,  and
TA is the Total A l k a l i n i t y .
MONITORING fiEL-T0XI£AN3LLEVEL
From a survey o f  th e  d e t e c t i o n  methods c u r r e n t l y  a v a i la b le  for  
organot ln  d e t e c t i o n  (Hodge e t  a I . 1979; Braman and Thomklns, 1979;  
Hansen e t  a h . 1 9 8 1 ) ,  I t  was concluded th a t  several are very s e n s i t iv e
but the methods were developed for  determining organotin c o n c e n t r a t io n s
In th e  environment where large samples are re a d i ly  a v a i la b le .  To u t i l ­
ize these methods to  monitor the organot ln  c o n c e n t r a t io n  in each t e s t  
dosage during a bioassay was considered to  be Im pract ica l .
Though no attempts were made to  determine the t o x i c a n t  c o n c e n t r a ­
t i o n s  a n a l y t i c a l l y ,  no m ina l  c o n c e n t r a t io n s  were c a l c u l a t e d  w i th  
correct ion  fo r  pu r i ty  and s p e c i f ic  g r a v i ty .
D a l l y  changes  In c e l l  d e n s i ty  and c h lo r o p h y l l  le v e l  f o r  each 
species of phytoplankton exposed t o  each c o n c e n t r a t io n  o f  TBTC were 
p l o t t e d  f o r  a d u r a t io n  o f  7 days. The growth ra te  for  each treatment  
was the slope obta ined  f o r  th e  l i n e  r e l a t i n g  lo g ^ C g r o w th  In c r e a s e )
STATISTICAL TREATMENT
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against t ime fo r  5 days. The method of least  squares was used to  calcu­
la te  the slope for  the 5 days.
Determination, of  5-.Day. EC50:
An EC50 Is the to x ic a n t  c o n c e n t r a t io n  which produces a response  
equal to  50 p e r c e n t  t h a t  o f  th e  control over a defined time In te r v a l .  
In t h is  case, the EC50 Is the  concentra t ion of  t o x i c a n t  t h a t  causes a 
growth r a t e  equal t o  50 p e rc e n t  o f  t h a t  o f  th e  c o n t r o l .  Two growth 
parameters were used: the  Increase In c h lo r o p h y l l  and th e  In c re a s e  In 
c e l l  d e n s i t y .  The p e r c e n t  response was expressed as the r a t i o  of  the  
slope f o r  t h e  t r e a t m e n t  t o  t h e  s lope  f o r  th e  c o n t r o l .  The p e rc e n t  
response was p l o t t e d  against  the I o g ^ ( t o x i c a n t  concentrat ion) and the  
EC50 was determined by l inear  regression. This v a lu e  Is termed th e  5 -  
day EC50. The 5 -day  EC50 was termed chlorophyl l  EC50 when chlorophyll  
Increment was used as the growth parameter. The 5 -day  EC50 was termed  
c e l l  d e n s i ty  EC50 when c e l l  numbers was used as the growth parameter. 
The 95>£ confidence In terva l  fo r  the EC50 was determined by the method of  
* Inverse p r e d ic t io n 1 (Sokal and Rohlf ,  1981).
The p h o t o s y n t h e t ic  EC50 Is  d e f in e d  as t h a t  c o n c e n t r a t i o n  o f
t o x i c a n t  t h a t  causes a 50 percent reduction In the photosynthetic ra te
of the con tro l .  The photosynthetic  ra te  was estimated as the amount o f
14r a d i o l a b e l e d  carbon uptake per u n i t  t ime. The r a t i o  of  C uptake fo r  
each treatment to  t h a t  for  control was p l o t t e d  a g a in s t  I og^ q ( to x  le a n t  
c o n c e n t r a t i o n )  and th e  p h o t o s y n t h e t ic  EC50 was determined by l inear  
regression. For a l l  carbon uptake experiments, an g u la r  t r a n s f o r m a t i o n  
of  th e  p e rc e n t  response was used whenever a b e t t e r  c o r r e l a t i o n  was
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obtained.  The transformation is the a r c s in e  convers ion  o f  th e  square  
root  value of the r a t i o  of the response to each treatment to th a t  of the  
c o n t r o l .
Determination of 5-Day EC100:
The a l g l s t a t i c  concentration was defined by Payne and H a l l  (1 979 )  
as t h a t  c o n c e n t r a t io n  of t e s t  materia l which produces no net change In 
algal c e l l  density  during exposure period but which allows recovery  and 
r e t u r n  t o  lo g a r i t h m ic  growth when th e  c e l l s  are resuspended In fresh  
medium w i t h o u t  th e  t e s t  m a t e r i a l .  T h e i r  method of  d e te r m in in g  th e  
a l g l s t a t i c  c o n c e n t r a t io n  Is  based on the r a t i o  of  the c e l l  numbers a t  
the end of  the exposure p e r io d ,  I . e .  Day 5 ,  t o  th e  I n i t i a l  Inoculum  
l e v e l .
The Inherent weakness in t h i s  method Is t h a t  th e  a l g l s t a t i c  con­
cen tra t ion  Is based e n t i r e ly  on the f in a l  c e l l  numbers a t  Day 5. A more 
robust method Is to  take Into cons idera t ion  th e  d a i l y  changes In c e l l  
numbers over  th e  e n t i r e  duration I . e .  from Day 0 to  Day 5. Using th is  
approach, the growth ra te  Is determined as the slope for  the l ine  r e l a t ­
ing t h e  lo g 10 ( c e l l  number) aga ins t  t ime by the least  squares method. 
The r a t i o  of the slope for  each t reatm ent  t o  t h a t  o f  t h e  c o n t r o l  con­
s t i t u t e s  the percent response. The percent response Is p lo t ted  against  
the log^g(toxIcant  concentrat ion) and the EC100 Is determined by l i n e a r  
r e g r e s s io n .  The c e l l  d e n s i t y  EC100 Is defined as th a t  concentrat ion  
t h a t  does not produce any change In c e l l  d e n s i t y  o v e r  t h e  5 day 
d u r a t i o n .  In other words, the c e l l  density EC100 Is th a t  concentrat ion  
th a t  maintains the same c e l l  density  over the e n t i r e  period. S im i la r l y ,
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th e  c h lo ro p h y l l  EC100 can be determined from the chlorophyll  data. The 
chlorophyll  EC100 Is defined as th a t  concentration th a t  does not produce 
any change In chlorophyll  level over the 5 day durat ion.
RESULTS
E f fe c ts  on Skel etpn,erriQ_.cos,ta_tum
Among the 3 laboratory spe c ie s  t e s t e d ,  SJ<;eI etQuecLa costatum ex­
h i b i t e d  t h e  g r e a t e s t  s e n s i t i v i t y  to  TBTC In a l l  t h r e e  In d ic e s  o f  
response ( T a b l e  3 ) .  The 5 - d a y  c h l o r o p h y l l  EC50 and t h e  5 - d a y  
chlorophyll  EC100 were <1.0 and 2.51 ug/L re s p e c t iv e ly .  The Increase In 
c e l l  density  of SkeI etonema was s im i l a r l y  Inh ib i ted  by TBTC. The 5 -day  
c e l l  d e n s i ty  EC50 was < 1 .0  ug /L ,  and a t  1.94 ug/L there  was no growth 
over the 5-day per iod. The growth curves  f o r  S k e I e t onema exposed to  
TBTC a re  g iven  In F ig u r e s  1 and 2 r e s p e c t i v e l y  f o r  Increase In c e l l  
chlorophyll  and c e l l  density  parameters. The t o x ic  Impact o f  TBTC was 
c l e a r l y  e v i d e n t  from t h e  growth curves  since a l l  TBTC concentrations  
used except 1.0  ug/L showed l i t t l e  growth for  SkeIetonema over the 7-day  
p e r i o d .  The EC501 s and EC100f s using chlorophyll  and c e l l  density  as 
Indices of  response to  TBTC are shown In Figures 3 and 4 r e s p e c t i v e l y .  
There  was no s i g n i f i c a n t  e f f e c t  o f  acetone on growth of  Ske I etonema 
(Figures 3 and 4 ) .
The p h o t o s y n t h e t ic  EC50 was 1 .6 8  ug/L upon I n i t i a l  contact with 
TBTC. A f te r  24 hour exposure, a 50% r e d u c t io n  In p h o to s y n th e s is  was 
observed a t  a lower TBTC c o n c e n t r a t io n  o f  1 .2 2  ug/L  (Table  3 ) .  The 
dose-response curve fo r  primary production Is given In Figure 5 .  There  
was a s l i g h t  I n h i b i t i o n  o f  p h o to s y n th e s is  by acetone on Day 0 and 1
32
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Table 3: The BC50 and BC100 of Trlbutyltin chloride on 3 species of
phytoplankton as determined from chlorophyl I and oel I density, 
and photosynthesis determined Inrmedlately (Day 0) and after 
24 hour exposure (Day 1).
oostarhjm:
BC50
lug/LI
Chlorophyll <1.00
Cel I Density <1.00
Photosynthetic:
Day 0 1.68#
Day 1 1.
lower *  upper * lower *
Interval Interval BC100 Interval
JLug/LL- ^iw g/U_ lug/Ll _iug/L2_
nd nd 2.51 0.03
nd nd 1.94 7.94 x io-:
0.53
0.45
4.03
2.41
upper *  
Interval
35.6
21.9
EC50
.(ug/L)
Chlorophyll 2.62 
Cel I Density 2.41 
Photosynthetic:
Day 0 2.73
Day 1 1.81
lower . 
Interval
nd
nd
0.19
0.89
upper *  
Interval
nd
nd
112.6
3.62
lower* uppe$ 
BC100 Interval Interval
Iug/U  _iyg/Ll^ -iug/U L
2.77 nd nd
2.63 nd nd
Isochrysls galbana:
B050
(ug/L)
Chlorophyll 1.14
Cell Density 9.58
Photosyrrthetlc:
Day 0 10.23#
Day 1 4.
*
lower j 
Interval 
Jug/L).
0.78
nd
5.60
1.77
upper *  
Interval 
_lug/JJL
1.63
nd
21.70
15.5
BC100
Jug/L)
2.60
23.28
*  upper *  
Interval Interval
lower 
t  
I^ug/IL_ ^lug/LL
1.83 3.71
nd nd
9956 oonfIdence level. 
n The BC50fs were determined after angular transformation of the response, 
nd: cannot be determined.
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Figure 1s In h ib it io n  of growth (expressed as chlorophyll concentration)
of Sk.e. I etonema costatum exposed to  TBTC.
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Figure 2: In h ib i t io n  o f growth (expressed as c e l l  density ) of
SkeIetonema costatum exposed TBTC.
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Figure 3: Concentration/response curve (expressed as chlorophyll
concentration) fo r  Ske I e to nema £fis±atiJJOi exposed to  TBTC.
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Figure 4: Concentration/response curve (expressed as c e l l  density )
fo r  Ske1etonema costatum exposed to  TBTC.
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Figure 5: Concentration/response curve (expressed as carbon uptake)
fo r  SkeIetonema costatum exposed to  TBTC on Day 0 and Day 1.
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(F igure  5 ) .  The primary production of th e  c o n t r o l  p o p u la t io n  f o r  th e
I n i t i a l  exposure to  TBTC was estimated a t  13.45 mg C/mg Chi .a/hour. The
primary production of the control  popu la t ion  f o r  t h e  24 hour exposure  
was 5 .79 mg C/mg Chi a /h o u r (Table  4 ) .
E f fe c ts  on Prorocentrum marI ae - Iebour lae
For Prorocentrum xnar.I.e..-1 ebQU.rJ.cie, the chlorophyll  EC50 over a 5 - day 
period was 2 .62 ug/L TBTC. The c h lo ro phy l l  EC100 over  a 5 -day  p e r io d  
was 2 .7 7  ug/L ( T a b l e  3 ) .  A 50# I n h i b i t i o n  In th e  In c re a s e  In c e l l  
density of Prorocentrum was observed a t  a concentrat ion of 2.41 ug/L and 
100# i n h i b i t i o n  was noted a t  a s l i g h t l y  higher concentration of 2 .63  
ug/L (Table  3 ) .  The growth curves f o r  P r o r o c entrum as expressed In 
in c r e a s e  In c h lo r o p h y l l  and c e l l  density are given In Figures 6 and 7 .  
For a l l  to x ic a n t  concentrations and the c o n t r o l s ,  t h e r e  was a genera l
d e c l i n e  In c e l l  growth a f t e r  th e  f o u r t h  day (F ig u r e s  6 and 7 ) .  The
EC50! s and EC100f s using c h lo r o p h y l l  and c e l l  d e n s i t y  as In d ic e s  o f  
response t o  TBTC are  given In Figure 8 and 9. Acetone stimulated c e l l  
growth of Prorocentrum s l i g h t l y  In terms of chlorophyll  and c e l l  density  
(F igure  8 and 9 ) .
The photosynthetic  EC50 was 2.73 ug/L TBTC upon I n i t i a l  c o n t a c t .  
A f te r  24 hours of exposure, the photosynthetic  EC50 was 1.81 ug/L (Table  
3 ) .  The photosynthesis dose-response curve for  Prorocentrum Is given In 
F i g u r e  10. Acetone reduced P r o r o c entrum photosynthes is  by about 35 
percent of  th a t  of  the control fo r  both Day 0 and 1 ( F i g u r e  1 0 ) .  The 
photosynthetic  r a te  of  the control on Day 0 was 4 .05  mg C/mg Chi .a/hour.
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Table 4: Chlorophyll  Concentration and Primary Production of  the  
Controls of  the 3 species of Phytoplankton exposed to  
T r i b u t y l t l n  c h lo r id e .
ChIorophyI I 
ConcentratIon
PRIMARY PRODUCTION
ug Chi a/L mg C /L /hour .mg^C/mg Ch.I a/hflun
Skeletonema ppajtatjujn:
Day 0 4.63
Day 1 28.4
.Prprocejvb^rn mar.I aer.l ebour la e : 
Day 0 25.38
Day 1 32.71
I spcficy.a.1.5. saJLtiana:
Day 0 1.49
Day 1 3.37
0.062
0.165
0.103
0.165
0.047
0.131
13.45
5.79
4.05
5.04
31 .54 
38.81
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Figure 6: In h ib it io n  of growth (expressed as chlorophyll concentration)
of Rrorocentrum mar Iae-1ebourIae exposed to  TBTC.
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Figure 7: In h ib it io n  of growth (expressed as cel I dens ity ) of
Prorocentrum m arfae-lebourlae exposed to  TBTC.
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Figure 8: Concentration/response curve (expressed as chlorophyll
concentration) fo r  Prorocentrum mar Iae-1ebourIae exposed
to  TBTC.
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Figure 9: Concentration/response curve (expressed as c e l l  density)
fo r  Prorocentrum m arlae-lebouriae  exposed to  TBTC.
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Figure 10: ConcentratIon/response curve (expressed as carbon uptake) 
fo r  Prorocentrum m arfae- IebourIae  exposed to  TBTC on Day 0 
and Day 1.
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A f te r  24 hours, the photosynthetic  ra te  of the control  was 5 .04  mg C/mg 
Chi a /ho ur (Table 4 ) .
E f fe c ts  oruJsochrys.is. galbana
TBTC had the least  Impact on the c e l l  growth and primary production 
of I.sochrys Is  gAlJba/ia, though the 5-day c h lo r o p h y l l  In c re a s e  f o r  t h i s  
s p e c ie s  was I n h i b i t e d  a t  a low TBTC le v e l .  The e f f e c t  of  TBTC on the  
growth of Isochrysls as determined by chlorophyll  and c e l l  d e n s i ty  a re  
g iven  In F ig u r e s  11 and 12. The responses o f  I sochrysIs to  TBTC as 
measured by c h lo ro p h y l l  and c e l l  d e n s i ty  were d i f f e r e n t .  The 5 -day  
c h l o r o p h y l l  EC50 and EC100 were 1 .1 4  and 2 . 6 0  ug/L r e s p e c t i v e l y .  
However, by cel I density measurement, the 5-day EC50 and EC100 were 9 .58  
and 2 3 .2 8  ug/L ( T a b l e  3 ) .  The dose-response curves of I sochrys I s to  
TBTC are given In Figures 13 and 14.
On I n i t i a l  exposure  t o  th e  t o x i c a n t ,  th e  photosynthetic EC50 o f 
J.soc h ry s is  ga I b an a was 10 .2 3  u g /L .  A f t e r  24 hours of  exposure ,  th e  
p h o t o s y n t h e t ic  EC50 was 4 .6 9  ug/L (Table 3 ) .  The dose-response curve 
f o r  photosynthesis Is  g iven  In F ig u r e  15. Acetone had no e f f e c t  on 
p r im a ry  p ro d u c t io n  o f  1s o c h r y s Is  on I n i t i a l  c o n t a c t  but a 6 percent  
decrease was recorded a f t e r  24 hours (Day 1) (F ig u re  1 5 ) .  The pr im ary  
p r o d u c t io n  of the control  populations a t  Day 0 and Day 1 were 31.54 and 
38.81 mg C/mg Chi a /h o u r (Table 4 ) .
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Figure 11: In h ib it io n  of growth (expressed as chlorophyll concentration)
of IsochrysIs galbana exposed to  TBTC.
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Figure 12: In h ib it io n  of growth (expressed as ce i l  density) of
IsochrysIs galbana exposed to  TBTC.
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Figure 13: Concen+ra+ion/respcnse curve (expressed as chlorophyll
concentration) fo r  Isochrysis galbana exposed to  TBTC.
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Figure 14: ConcentratIon/response curve (expressed as ce l l  density )
fo r  IsochrysIs galbana exposed to  TBTC.
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Figure 15: Concentration/response curve (expressed as carbon uptake)
fo r  IsochrysIs galbana exposed to  TBTC on Day 0 and Day 1.
DISCUSSION
T o x i c i t y  t e s t s  based on enumeratlve methods fo r  population growth 
are laborious and time-consuming. Growth e x per im en ts  r e q u i r e  an ex­
tended t e s t  d u r a t i o n ,  t y p i c a l l y  96 hours or  more. Within t h i s  t ime 
frame, a constant environment must be m a in ta in e d .  T h is  o b j e c t i v e  Is 
o f t e n  d i f f i c u l t  t o  a c h ie v e .  In p a r t i c u l a r ,  the mil ieu Is constantly  
changing In n u t r i e n t  c o n te n t  and c o n c e n t r a t io n  o f  waste p r o d u c t s .  
F u r t h e r ,  th e  t o x i c a n t  concentrat ion Is genera l ly  changing. A decrease 
in to x ic a n t  concentrat ion can a r is e  with Increasing Incubation t im e  due 
to  possible losses by degradation, t ransformation and absorption. While 
no Information Is a v a i la b le  on the exact degradation pathways f o r  TBTC, 
th e  r a t e  o f  photo! y t l c  decomposit ion f o r  TBTO Is slow ( t . ^ ^ S d a y s ) , 
Involving In par t  a stepwise debutylat lon to  Inorganic  t i n  (M agu ire  £ ±  
. a l . ,  1 9 8 3 ) .  On the other  hand, the p o s s ib i l i t y  of transformation of the  
to x ic a n t  to  a more potent form should not be d is r e g a r d e d .  D a l l y  sam­
p l i n g  o f  the  algae to  measure growth over the t e s t  period would require  
the use of large volumes of a lgae.
1 4In c o n t r a s t ,  t h e  C -u p ta k e  method Is s tra ightforward  and rapid.  
As the method requires  only a small volume fo r  the assay, a large number 
of  samples may be processed. The whole experimental procedure from the  
t ime of  I n i t i a t i o n  of  the assay to  the s c i n t i l l a t i o n  coun t ing  r e q u i r e s  
o n ly  2 days.  The Incubation period Is short  ( the  Incubation time Is 2
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hours a l tho ugh  t h i s  may be v a r i e d  accord ing  t o  th e  e x p e r i m e n t e r ’ s
n e e d s ) ,  and thus reduces or e l im inates  the need to  maintain envlronmen-
14t a l  constancy for  long periods. I f  the resu l ts  obtained from C-uptake
method and growth measurements correspond to  each other c lose ly ,  then 
14the C-uptake method would seem p r e f e r a b l e  f o r  th e  reasons s t a t e d .
T h is  study shows th e  p h o t o s y n th e t ic  EC50 v a lu e s  f o r  Skeletonema and
Prorocentrum d i f f e r  by on ly  one to  t h r e e  f o l d  from th e  EC50 va lues  
o b ta in e d  from c h lo r o p h y l l  and ce l l  density measurements. However for  
I sochrys Is ,  the d i f fe re n c e  was g re a te r .  The p h o to s y n th e t ic ,  c e l l  den­
s i t y  and c h lo r o p h y l l  EC50’ s f o r  I s o c h r y s 1s v a r i e d  by as much as one
order o f  m agnitude .  The reason f o r  t h i s  lack of  c o n fo rm i ty  Is  not
u n ders too d .  However, In view of  the close correspondence between the
photosynthetic  EC50’ s and the EC50’ s ob ta in e d  by c h lo r o p h y l l  and c e l l
14d e n s i t y  measurement f o r  th e  two s p e c ie s ,  t h e  C -u p ta k e  method Is 
favored as a rapid and r e l i a b l e  algal bioassay procedure.
To obta in s t a t i s t i c a l l y  acceptable growth curves with a low c o e f f i ­
c ie n t  of v a r i a t i o n ,  a large number of counts has t o  be made. Another  
p o s s ib le  problem c o n f r o n te d  In c e l l  growth s tu d ie s  Is the d i f f e r e n t  
extent  of  the lag phase among the t reatments. The present study showed 
a d e c re a s in g  growth r a te  of  the algal species with Increasing tox ic a n t  
concentrat ion with no c le a r  lag phase In most cases .  In o n ly  two In ­
s ta n c e s ,  a d i s t i n c t  lag phase was Indicated.  There was a two day lag 
phase In c e l l  density when SkeIetonema when exposed t o  1 .0  ug/L TBTC. 
P r o r o centrum c h l o r o p h y l l  e x h i b i t e d  a two day lag a t  2 . 0  ug/L TBTC 
concentrat ion.  I t  seems J u s t i f i e d  nevertheless, to  Ignore the lag phase 
In data analysis  fo r  t h i s  study.
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The 3 cultured species showed d i f f e r e n t  responses to  TBTC t o x i c i t y  
(T a b le  3 ) .  I sochrys I s was the least se ns i t iv e  to  TBTC as evidenced by 
the la rg e  va lu e s  of  th e  c e l l  d e n s i ty  EC50 and p h o to s y n t h e t ic  EC50. 
Based on th e  EC50 values derived from c e l l  density and Day 0 photosyn­
th e s is ,  the average EC50 f o r  Is o c h r y s Is  was about 10 u g /L .  But th e  
chlorophyll  EC50 was determined to  be somewhat anomalous with a value of 
1.14 ug/L. For Skeletonema. the chlorophy I I and c e l l  d e n s i ty  EC50's  
were  < 1 . 0  u g /L  and t h e  Day 0 p h o to s y n t h e t ic  EC50 was 1 .68  u g /L .  
Skeletonema Is the  s tandard  t e s t  spec ies  recommended by EPA (USEPA, 
1978) f o r  a lg a l  assay.  TBTC was a ls o  t o x i c  to  P ro ro centrum a t  low 
concentrations (Table 3 ) .  The mean EC50 value obtained from th e  same 3 
parameters for  Prorocentrum was 2 .6  ug/L.
Wong and coworkers (1982) studied the e f f e c t  of organotin compounds 
on u n i c e l l u l a r  a lg a e .  They examined the  Impact of 12 organotin com­
pounds on th e  pr im ary  p r o d u c t i v i t y  o f  Scenedesmu s q u a d r l c a u d a . 
Ank I s t rodesmus f a t  ca tu s  and Anakaena f I os-eruae and on the growth of  
A n k ls t ro d e smus taLcatu^s.  T h e i r  r e s u l t s  showed s i m i l a r  t o x i c i t y  o f  
t r  I b u ty l  t i n  o x id e  (TBTO) among t h e i r  t e s t  species. The EC50*s of TBTO 
based on primary p ro d u c t iv i ty ,  were 20, 16 and 13 ug/L fo r  A*. fa  I c a t us r 
guadr I c auda and A*, f  Ios-aquae re sp ec t iv e ly .  The cel I growth EC50 of  
TBTO f o r  A*, f a  I c a tus  was 5 ug/L which was fo u r  f o l d  less th a n  t h e  
pr im ary  p r o d u c t i v i t y  EC50. However, th e  p re s e n t  study showed th a t  
growth of  the 3 estuar lne  species was not  a more s e n s i t i v e  measure o f  
th e  response t o  TBTC than p h o to s y n th e s is .  The EC50»s for  the 3 es­
tu a r ln e  species as measured by chlorophyll  and c e l l  numbers, were c lo s e  
to  the Day 0 photosynthetic  EC50*s.
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A comparison of the resu lts  of t h is  study with those of Wong e t  a l .  
( 1 9 8 2 )  s u g g e s t s ,  based on p r i m a r y  p r o d u c t i v i t y ,  t h a t  e s t u a r l n e  
p h y to p la n k to n  Is more s e n s i t i v e  t o  t r l b u t y l t l n  th a n  f r e s h w a t e r  
p h y to p la n k to n .  T h is  observation was made based on the assumption tha t  
the nature of  the anionic  group Is only of secondary importance f o r  th e  
t o x i c i t y  of  organotin compounds (Selnen e t  a I . . 1981).
There was a decrease In the EC50 values for  a l l  3 species when the  
c a rb o n  uptake  study was performed a f t e r  a one day in c u b a t io n  w i th  
to x ic a n t  as compared to  th a t  upon I n i t i a l  contact (Table 3 ) .  The Day 1 
EC50f s decreased by one f o u r t h  t o  a h a l f  o f  th e  values of the Day 0 
EC50. The e f f e c t  of TBTC on algal photosynthesis was f a i r l y  immediate.
I t  Is  w o r th w h i le  n o t in g  t h a t  I sochrys! s . a nanop I ankter, was the  
most re s is ta n t  species and the diatom, SkeIetonema. was the most s e n s i ­
t i v e  spec ies  to  TBTC. D if ferences In s e n s i t i v i t i e s  of algal species to  
d i f f e r e n t  to x ic a n ts  a re  common o b s e r v a t i o n s .  Most o f  what is  known 
about s e l e c t i v e  t o x i c i t y  of po l lu tan ts  has come from laboratory studies
using c u l t u r e s ,  microcosms and enc losed water  columns (E p p le y  and
W e l l e r ,  1 9 7 9 ) .  Roberts  e t  a l .  (1982) examined the photosynthetic sen­
s i t i v i t i e s  of 3 estuar lne  algae to  3 tox icants  (sodium la u r y l  s u l f a t e ,  
cadmium and I annate) .  A comparison of the EC50f s of the 3 tox icants  to  
3 microalga I species ( Psjeu.dpJ.SQQhcysi^ paradoxa . iu. costa tum  and E*. 
mar I a e - I e b o u r I a e ) showed t h a t  th e  d i f f e r e n t  spec ies  responded d i f ­
f e r e n t ly  to  several to x ic a n ts .  Among th e  3 s p e c ie s ,  j U  costatum was 
l e a s t  s e n s i t i v e  t o  sodium la u r y l  s u l fa te  and cadmium wh 11 e P. mar lae-
Iebourlae was most s e n s i t iv e  to  cadmium and I annate. I t  Is noted In the
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p re s e n t  s tu d y ,  ju. £0j5±a±ym was s l ig h t ly  more s e n s i t iv e  than P_». mar I ae-  
I ebour I ae to  TBTC. But the d i f f e r e n c e  Is not s i g n i f i c a n t ;  th e  Day 0 
photosynthetic  EC50»s for  both species d i f fe r e d  by a fac to r  of less than 
two. I t  should be noted th a t  the same I s o l a t e s  o f  c o s t a t u m and P^ .
AL. <1982).
O th er  s t u d i e s  w i th  marine phytoplankton using d i f f e r e n t  toxicants  
also showed d i f f e r e n t i a l  s e n s i t i v i t y  of  the various species to  d i f f e r e n t  
t o x i c a n t s .  W u r s t e r  (1 9 6 8 )  I n v e s t i g a t e d  th e  e f f e c t  o f  DDT on th e  
photosynthesis of  ^  costatum. OAC.cpJ.I.thus iiuxI.ejyJ# Ryr.amijnonas sp. and 
Per I d I n I  urn t ro c h o ldeum. His data showed the n e r l t l c  d In o f Ia g e l I  a te ,  E *
showed t h a t  p h o to s y n th e s is  and growth in cu l tu res  of  4 marine species 
(£ .  cost.alum, Du.na | l e  i i a .tertJjQj.e.c.ta, Cocco 11 t h us JiyxLeyi and Cy c lo te l  I a 
nana) I s o l a t e d  from d i f f e r e n t  oceanic environments, were a f fec ted  by 3 
ch lor ina ted  hydrocarbons (DDT, d l e l d r ln  and endrln)  to  varying e x t e n t s .
a t  concentrat ions of  0.1 to  1 .0  ppb o f  th e  p e s t i c i d e s  In 
Severa l  o t h e r  s t u d ie s  with polychlor inated hydrocarbons and pest ic ides  
also showed s e l e c t i v e  t o x i c i t y  of  t h e  t o x i c a n t s  t o  d i f f e r e n t  a lg a l  
s p e c ie s  (Mosser e t  a I . P 1972; F i s h e r  a ± a l . f 1974; 0 fConnors e t  a I . .
1978). H o l l i s t e r  and Walsh (1973) looked In to  the s e le c t iv e  t o x i c i t y  of  
4 h e r b i c i d e s  (neburon,  dluron, a t ra z lne  and ametryne) to  18 species of  
marine p h y to p la n k to n .  They demonstrated t h a t  spe c ie s  o f  th e  f a m i ly  
BacII Iarlophyceae were genera l ly  the least  s e n s i t iv e  to  the herbic ides.
r t a e  were used In th is  study as In the study of  Roberts jet
was the most s e n s i t iv e  to  DDT. Menzel e t  a I . (1 9 70 )  a ls o
The e f f e c t  ranged from complete In s e n s i t iv i t y  in Puna I l e I  la to  t o x i c i t y
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In genera l ,  the large phytoplankton or the diatoms were more sensi­
t i v e  t o  t o x i c a n t s  than f l a g e l l a t e d  nanop I ankters (Eppley and Weller ,
1 9 7 9 ) .  C h lo r i n e  causes a decrease In the  predominance o f  c e n t r i c  
diatoms ( w i t h  th e  exception of Skeletonema cosfatum) leading to  a sub­
sequent success of pennate diatoms and m Ic r o f I  age I I a t e s  (Sanders  and 
R y th e r ,  1980) .  A s h i f t  of the phytoplankton community away from diatom 
dominance to  an assemblage composed pr im a r i ly  of small f l a g e l l a t e s  and 
o th e r  nanopIankters has often been considered detr imental to  the e n t i r e  
marine ecosystem (Eppley and W ei ler ,  1979).
In view o f  the s e le c t iv e  t o x i c i t y  of tox icants  to  d i f f e r e n t  marine
phytoplankton, I t  would be prudent when conduct ing a lg a l  b ioassays  to
in c lu d e  s e v e ra l  spec ies  of  phytoplankton representing d i f f e r e n t  taxa.
For ecotoxIcoIogIca I  considerat ions, the selection of  t e s t  spe c ie s  f o r
a lg a l  bioassays should be those found dominant In the environment under
In ve s t ig a t io n .  I f  none could be found, then r e p r e s e n t a t i v e  spec ies  of
th e  same ta x a  as those dominant spec ies  In the environment should be
used. Another approach would be to  use a mixed indigenous p o p u la t io n
c o l l e c t e d  from th e  s i t e  under study. This approach Is most p rac t ica l
since the algal samples used In the bioassay are t r u l y  re p res e n t in g  the
actual phytoplankton communities In the environment under considerat ion.
14In t h i s  c ase ,  t h e  C -u p ta k e  method Is  th e  favored  procedure  s in c e
growth s t u d i e s  using complex populat ions of many species Is an Impos-
1 4s lb te  task .  The next chapter d e a ls  w i th  th e  a p p l i c a t i o n  o f  t h e  C-  
uptake method t o  t o x i c i t y  assessment of TBTC and ch lor inated  sewage on 
natural phytoplankton communities.
CONCLUSIONS
1. TBTC Is a potent to x ic a n t .  A l l  3 species tested were sens i t ive  to  
TBTC a t  1 -10  ug per l i t e r .  The d ia to m ,  Ske I e t o nema and t h e  
d I nof I age I I a t e  P rorocentrum  were equally  sens it ive  to  TBTC. The 
n a n o p Ia n k t e r , Is o c h r y s I s . was th e  most r e s i s t a n t  among t h e  3 
species to  TBTC.
2 .  Photosynthetic in h ib i t io n  of the algae by TBTC was immediate. With 
in c re a s e  d u r a t io n  In exposure ,  th e  I n h i b i t i o n  is increased as 
manifested In a lower EC50 value a t  Day 1.
3 .  In v iew o f  th e  c los e ne s s  o f  th e  ph otos y nthe t ic  EC50 to  the EC50 
values obtained from the measurement of the two growth para m e te rs ,  
I t  Is  argued t h a t  the carbon-14 uptake method be used fo r  t o x i c i t y  
assessment of  p o l l u t a n t s  t o  p h y t o p l a n k t o n  by v i r t u e  o f  i t s  
r a p i d i t y ,  s im p l ic i t y  and expediency.
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TOXIC IT IES OF TBTC AND CHLORINATED SEWAGE 
ON ESTUARINE PHYTOPLANKTON AS ESTIMATED 
BY CARBON-14 UPTAKE METHOD
CHAPTER I I I 
INTRODUCTION
Acute l e t h a l i t y  t e s t s  have In t h e  p a s t  been c o n d u c te d  w i t h  
s t a n d a r d i z e d *  s e n s i t i v e  spe c ie s  u s u a l l y  not Indigenous to  the study 
area e .g .  the widespread use of rainbow t ro u t  (Chapman and Long, 1 9 8 3 ) .  
S i m i l a r l y ,  many p re v io u s  a lg a l  t o x i c i t y  studies were conducted using 
c u l t u r e d  s i n g l e  s p e c ie s  o r  * s t a n d a r d  I zed * t e s t  s p e c i e s  such as 
Puna I I e I la  t e r t  I o I e c t a , iU<pJe ton ema cps.tAtujn and Se lenastrum caprl cor-  
mitum (USEPA, 1974; USEPA, 1978; M111er , 1 9 7 8 ) .  Although th e s e
t e s t  spec ies  are Important as screening too ls  to  provide information on 
bloaval Iab11 I t y  and e f f e c t s ,  such tests  do not always answer the  ques­
t io n  of relevance to  the local ecosystem. These studies have often been 
c r i t i c i z e d  fo r  the use of one species and the a r t i f i c i a l  c u l t u r e  c o n d i ­
t i o n s  which do not r e f l e c t  a c tu a l  env ironm enta l  condit ions  (Cairns,  
1983).  Therefore ,  a lgal t o x i c i t y  te s t in g  using n a t u r a l  ph yto p lank ton  
p o p u la t io n s  has recent ly  been used s in g u la r ly  or to  supplement t o x i c i t y  
data obtained from s ing le  species bloassays (Biggs e t  a I . . 1978; Wong et  
a I . . 1982; N au -R i t te r  e t  a l . f 1982).
In t o x i c i t y  t e s t in g ,  many d i f f e r e n t  species have been used both I n  
v I vo and I n  v I t r o P and many k inds of  b i o l o g i c a l  e f f e c t s  have been 
studied.  In many acute, subchronic or c h ro n ic  i n  v I vo t e s t s ,  adverse  
e f f e c t s  on v i t a l  b i o l o g i c a l  parameters  such as s u r v i v a l ,  growth and
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reproduction can be studied (Kool e t  a I . P 1982). Genotoxlc, b e h a v io ra l  
and Immunological e f f e c ts  have also been used. Jji v i t r o  assays, on the  
other hand, measure the to x ic  e f f e c t  of the p o l lu ta n t  by th e  degree of  
c y t o t o x i c i t y  or  th e  extent  of biochemical or cytogenetic  changes. The 
major advantage of  J_n v i t r o  assays Is th a t  they are less e xpens ive  and 
can be performed In a r e l a t i v e l y  short  t ime, which allows the Invest iga­
t io n  of  large numbers of t e s t  samples.
In a d d i t i o n  to  t h e  t r a d i t i o n a l  methods o f  est imating biomass In 
algal assays ( e .g .  c e l l  density ,  chlorophyll  content, c e l l  volume, c e l l  
w e ig h t )  as an Index of  g row th ,  new methods which use biochemical and 
physio logical Indices fo r  determining the Impact of p o l lu ta n ts  t o  a lg a e  
have been employed. For Instance, the energy charge which r e f l e c t s  the  
metabolic s ta te  of the c e l l  can be determined by measuring the  ATP pool 
using th e  1u c l f e r  I n - I u c I f e r a s e  method (Bul lch ,  1979). Other b a c te r ia l  
and biochemical te s ts  fo r  assess ing chemical t o x i c i t y  In th e  a q u a t ic  
environment have been reviewed by B It ton  (1983) .
In the choice of  a method s u i ta b le  t o  study th e  Impact o f  a com­
p o s i t e  p o l l u t a n t  o r  s i n g l e  t o x i c a n t  on n a t u r a l  p h y t o p l a n k t o n  
communit ies, s e v e ra l  c h a r a c t e r i s t i c s  such as r a p i d i t y ,  ro b u s tn e s s ,  
s e n s i t i v i t y  and accuracy a re  d e s i r a b l e .  A common physlo-blochemlcaI 
Index used In determining the e f f e c t  of  a to x ic a n t  on a lg a e  and p l a n t s  
Is p h o to s y n th e s is .  P h o to s y n th e s is  Is  a b a s ic  phys io log ica l  process
common to  algae and p lan ts .  There are several methods fo r  est imation of
14ph otos y n the s is  of algae (S t r ic k la n d ,  1960) but the C-uptake method Is
14ra p id ,  s t ra igh t fo rw a rd ,  robust and accurate. The C-uptake method and
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th e  c e l l  growth method using c e l l  number and chlorophyl l  as parameters
fo r  growth were compared for  s ing le  species In the e a r l i e r  section. The
14advantages of the C-uptake method were discussed In th a t  section.
14This section describes the use of  the C-uptake method In assess­
ing  t h e  t o x i c i t y  o f  a s i n g l e  and a composite  t o x i c a n t  t o  n a tu r a l  
phytoplankton p o p u la t io n s  In th e  York and James R iv e r  e s t u a r i e s  In 
V i r g i n i a .  T r l b u t y l t l n  c h l o r i d e  (TBTC) Is used as th e  s i n g l e  t e s t  
to x ic a n t  while  sewage e f f l u e n t  c o l l e c t e d  from th e  James R iv e r  Sewage 
Treatment P lant  is used as the composite t e s t  to x ic a n t .
In th e  preced ing  c h a p t e r ,  th e  t o x i c i t y  o f  TBTC t o  l a b o r a t o r y  
p o p u la t io n s  of  t h r e e  p h y to p la n k to n  spec ies  was described. The f i r s t  
par t  of t h i s  sect ion  d e a ls  w i th  th e  t o x i c  e f f e c t  o f  TBTC on n a t u r a l  
p h y to p la n k to n  p o p u la t i o n s .  The o b j e c t i v e s  of the f i r s t  part  of th is  
section were:
(a)  t o  d e te rm in e  t h e  p h o to s y n th e t ic  EC50f s o f  TBTC on n a t u r a l  
phytoplankton populations,
(b) to  compare the photosynthetic responses of a shallow and a deep 
phytoplankton population to  the t o x i c i t y  of  TBTC, and
(c)  t o  d e te rm in e  any s i g n i f i c a n t  d i f fe re n c e  In the photosynthetic  
response of the phytoplankton populations from a given s t a t i o n  
t o  TBTC c o l l e c t e d  b e fo r e  and a f t e r  d e s t r a t  I f  I c a t  I on of the  
water column.
The second par t  of t h i s  section discusses est imates of the t o x i c i t y  
of ch lor ina ted  sewage e f f l u e n t  on the  pr im ary  p ro d u c t io n  of  n a t u r a l
63
phytoplankton populat ions from 3 d i f f e r e n t  s i t e s .  The ob ject ives  of the  
second part  were:
(a) to  d e te rm in e  th e  p h o t o s y n t h e t ic  EC50 o f  c h l o r i n a t e d  sewage 
e f f l u e n t  on natural phytoplankton populations,
(b) to  compare the photosynthetic EC50*s obtained from 2 d i f f e r e n t  
r i v e r s ,  and
(c) to  compare the  photosynthetic EC50! s obtained from t e s t  popula­
t io ns  co l le c te d  before and a f t e r  d e s t r a t i f I c a t I o n .
MATERIALS AND METHOD
Phytoplankton communities co l lected  a t  3 estuarlne s ta t io n s ,  one In 
th e  York R iv e r  and two In th e  James R iv e r ,  were exposed to  f i v e  con­
centra t ions  of  ch lo r ina ted  sewage, namely 1 .25, 2 . 5 ,  5 .0 ,  10.0  and 2 0 .0  
p e r c e n t ,  and 20 p e r c e n t  s o l u t i o n s  o f  unchI  o r  I n a t e d  sewage and 
dechlorlnated sewage. The p e r c e n t  c o n c e n t r a t io n  r e f e r s  t o  th e  f i n a l  
c o n c e n t r a t i o n  o f  th e  sewage a f t e r  d i l u t i o n  w i th  th e  ph y to p la n k to n  
samples and appropriate  amounts of d i s t i l l e d  water. The o r ig in a l  sewage 
c o l l e c t e d  from th e  p l a n t  Is  re fe re d  as 100 percent. For the c ontro l ,  
d i s t i l l e d  water was used.
For th e  York R iv e r  s t a t i o n ,  th e  assays were conducted with com­
munit ies from two depth s t r a t a :  a s u r fa c e  community c o n s i s t i n g  of  a 
com posite  sample o f  equal volumes from 1, 3 and 5 m depths, and a deep 
community c o l le c te d  from 12 m depth. Only a s u r fa c e  ( I . e .  1 m depth)  
community from James River was used for  the assay.
To est imate the t o x i c i t y  of t r l b u t y l t l n  c h lo r id e  t o  th e  e s t u a r l n e  
p h y to p la n k to n  communities,  only samples from the York River were used. 
Both the surface and the deep f rac t io n s  from th e  York R iv e r  were each 
exposed to  f i v e  concentrations of t r l b u t y l t l n  ch lo r ide .
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To expose the phytoplankton to  a f in a l  20 percent sewage concentra­
t i o n ,  80 ml o f  th e  phytoplankton sample c o l lec ted  was mixed with 20 ml 
of sewage e f f l u e n t .  S im i la r ly ,  fo r  a 10 p e rc e n t  sewage e f f l u e n t  con­
c e n t r a t i o n  In th e  a lga l  sample, 80 ml of the plankton sample was mixed 
with 10 ml each o f  sewage e f f l u e n t  and d i s t i l l e d  w a te r .  The le s s e r  
sewage c o n c e n t r a t i o n s  a re  prepared In a s i m i l a r  procedure  w i th  a 
decreasing volume of  sewage e f f l u e n t  and an In c re a s in g  volume o f  d i s ­
t i l l e d  water.
With  t r l b u t y l t l n  c h l o r i d e ,  100 ml o f  th e  ph y to p la nk ton  sample 
c o l l e c t e d  was dosed w i th  0.1  ml of a t r l b u t y l t l n  ch lo r ide  solu t ion In 
acetone o f  a concentration such t h a t  th e  d e s i r e d  f i n a l  t o x i c a n t  con­
c e n t r a t i o n  Is obtained In the 100 ml sample. The acetone concentrat ion  
In each t r e a t m e n t  was t h e r e f o r e  a t  0 .1  p e rc e n t  f o r  a l l  t r l b u t y l t l n  
concentrat ions.
A f te r  the addit ion  of the to x ic a n t ,  5 ml of the sample was pipetted
Into a s c i n t i l l a t i o n  v i a l .  Each v ia l  was Inoculated with 0 .1 - 0 . 2  uCl of  
14C-labeled bicarbonate (New England N u c le a r ,  Boston, M a s s a c h u s e t ts ) .
The v i a l  was then capped and Incubated In a l i g h t  In c u b a to r  a t  the
ambient temperature of the s i t e  from which the phytop lankton  community
was c o l le c te d .  T r i p l i c a t e  samples were prepared for  each treatment with
two v i a l s  Incubated f o r  2 hours a t  a l i g h t  I n t e n s i t y  o f  190 + 10 
- 2 - 1uEm s and one In th e  d a rk .  The dark v ia l  was wrapped In a double 
layer of aluminum f o i l .  Incubation was terminated by the a d d i t io n  of  1 
ml o f  9 5 :5  ( v / v )  m ethanol:g lac!a l  a c e t ic  acid mixture. A f te r  termina­
t io n  of the Incubation the v i a l s  are capped and stored u n t i l  transported
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from th e  vessel to  the laboratory. Chlorophyll  concentration and to ta l
Inorganic carbon of the co l lec ted  samples were also determined.
In th e  I aboratory ,  the v ia ls  were uncapped and dr ied In an oven a t  
a temperature of 65 to  75 °C In a fume hood. A f t e r  d r y in g ,  th e  v i a l s  
were a l lowed to  cool b e fo r e  2 ml of d i s t i l l e d  water was added to  each 
v ia l  to  dissolve the residue. A f te r  r e c o n s t i tu t io n ,  10 ml of s c i n t i l l a ­
t i o n  f l u i d  (Aquasol 2) was added to  each v ia l  and capped. The contents  
were then mixed by shaking and kept In th e  dark o v e r n ig h t  t o  m in im ize  
chem I I urn I nescence before being counted In a Beckman LS150 S c i n t i l l a t i o n  
Spectrometer.
Phytoplankton samples were co l lected  in the York R iv e r  a t  s t a t i o n  
Y4 ( 7 6 °  2 9 .1 6 'W ,  3 7 °  1 4 .0 0 'N )  aboard the R/V Ridgely-Warf le id  (F igure  
16) .  To determine whether s t r a t i f i e d  and d e s t r a t i f i e d  condit ions of  the  
water column a f f e c t  the s u s c e p t ib i l i t y  of the phytoplankton community to  
the impact of the tox ican ts ,  experiments were conducted before and a f t e r  
t h e  occurrence of  the spring t i d e .  To*assess the e f f e c t  of  t r l b u t y l t l n  
ch lo r id e  on the photosynthetic poten t ia l  of the phytoplankton community, 
s a m p le s  were c o l l e c t e d  on March 2 5 ,  1983 when th e  w a te r  was s t i l l  
s t r a t i f i e d  and again  on A p r i l  1, 1983 a f t e r  d e s t r a t i f i c a t i o n  was 
complete. To evaluate  the Impact of  ch lor inated  sewage on the photosyn­
t h e t i c  potent ia l  of the phytoplankton community, samples were c o l l e c t e d
on March 24 and 3 1 ,  1983 f o r  s t r a t i f i e d  and d e s t r a t i f i e d  condit ions  
re s p e c t iv e ly .  Phytoplankton samples were c o l le c te d  a t  1, 3 ,  5 and 12
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Figure 16: Location of Sta t ion Y4 on York River where 
phytoplankton samples were co l lected  for  
exposure to  TBTC and sewage e f f l u e n t .
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meter depths w i th  a r o s e t t e  o f  N Is k In  b o t t l e s  assembled with a CTD. 
Ambient water temperature and s a l i n i t i e s  were obtained from the CTD.
In th e  James R i v e r ,  p h y to p la n k to n  samples were coI Iected a t  two 
s ta t io n s ,  designated J11 and HRS t o  study th e  Impact o f  c h l o r i n a t e d  
sewage ( F i g u r e  1 7 ) .  Samples were c o l lec ted  from the s t r a t i f i e d  water 
column on August 6 , 1983 and on August 12, 1983 when d e s t r a t  I f  I c a t  Ion 
had s e t  In .  S ta t ion  J11 (76°  3 3 .6 6 ?W, 37° 3 . 1 4 ! N) Is located along the  
channel 4000 meters away from the sewage o u t f a l l  while  HRS (76°  3 2 .2 0 fW, 
3 7 °  4 .2 0 * N )  Is  c lo s e  t o  th e  sewage o u t f a l l  of the  James River Sewage 
Treatment P la n t .  HRS is 100 meters from the marker buoy adjacent to  the  
o u t f a l l  and both the marker buoy and the c o l le c t io n  s i t e  are equid is tant  
from the shore l ine .  Only surface (1 meter) samples were c o l l e c t e d  a t  
th e s e  two s t a t i o n s .  Samples a t  J11 were c o l lec ted  with NIskIn bo t t le s  
attached to  a CTD. A Frauschil  b o t t l e  was used fo r  sample c o l le c t io n  a t  
HRS. Tem peratu re  and s a l i n i t y  of samples c o l lec ted  a t  HRS were deter ­
mined with a stem thermometer and a YS1 s a l ln o m e t e r .  The HRS samples  
were kept in p l a s t i c  b o t t le s  and transfered  immediately to  the shipboard 
laboratory on the R/V R Idgely -W arf le ld  located a t  J11. The te m p e ra tu r e  
o f  t h e  samples c o l l e c t e d  aboard th e  vessel were measured with a stem 
thermometer or a Markson D ig i ta l  Thermometer/pH meter w h i le  s a l i n i t i e s  
were obtained from the CTD.
C.QJJL&CJJ.0K OF, AEWAGjLJSAMPL ELS
Sewage e f f l u e n t  was co l lec ted  from the James River Sewage Treatment 
Plant  a t  Menchvll le  In Newport News, V i r g in ia  one or  two days p r i o r  to  
each e x p e r im e n t .  Grab samples of ch lor inated  and unchlorinated sewage
Menchvil le
James River  
Sewage Tre at m en t  
PlantHRS
J11
Figure 17: Location of  Stat ions J11 and HRS on James 
River where phytoplankton samples were 
c o l le c te d  fo r  exposure to  sewage e f f l u e n t .
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e f f l u e n t  were c o l l e c t e d  a t  th e  p l a n t  w i th  an aluminum bu ck e t .  The 
u n c h lo r in a t e d  sewage was c o l l e c t e d  a t  th e  discharge of the secondary 
c l a r i f l e r  whi le  the ch lor inated sewage was co l lected  from the d is c h a rg e  
of  t h e  3 0 -m in u te  c o n t a c t  t a n k s .  A l l  samples were c o l l e c t e d  In the  
morning. Samples were s to re d  In amber b o t t l e s  o f  4 l i t e r  c a p a c i t y  
f i l l e d  t o  t h e  top and capped. The s to r a g e  b o t t l e s  were prev ious ly  
washed w i th  d e t e r g e n t  and r in s e d  c o p io u s ly  w i th  tap  water  and then  
r insed tw ice  with d i s t i l l e d  water. Sample b o t t le s  were transported beck 
to  the laboratory In an icebox. The samples were kept In a r e f r i g e r a t o r  
at  a I I t imes p r io r  to  experimentation.
PREPARATI ON OF TOXICANTS
The c h l o r i n a t e d  and u n c h lo r in a t e d  sewage e f f lu e n ts  co l lected  as 
stock sewage were used without any pretreatment. In add i t io n ,  a sample 
of  ch lo r ina ted  sewage was dechI or Inated by addit ion of 1.12 ml of 0.025N 
sodium t h i o s u l f a t e  s o l u t i o n  t o  500 ml o f  c h l o r i n a t e d  sewage. The 
amount o f  t h i o s u l f a t e  added was based on th e  assumption t h a t  th e  
c h lo r in a te d  sewage c o n ta in e d  not more than 2 mg/L of  c h l o r i n e  I . e .  
0 .0 5 6  mN. T h is  Is th e  c o n c e n t r a t io n  desired a f t e r  30-mlnute contact  
t ime (LeBIanc a l ,  1978).
A t r l b u t y l t l n  c h l o r i d e  s tock so lu t ion  of 1 g/L concentration was 
prepared by d i s s o l v i n g  104 mg o f  the  o rg a n o t ln  In 100 ml o f  g l a s s -  
d l s t l i l e d  acetone  (B u r d ic k  and Jackson L a b o r a t o r ie s  Inc . ,  Muskegon, 
Michigan). T r i b u t y l t l n  c h lo r id e  (A ldr ich  Chemical Company, M i lwaukee,  
Wisconsin) Is a viscous l iq u id  with a density of 1.2 and pu r i ty  of 96 %.
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The stock s o lu t io n  was f u r t h e r  d i l u t e d  s e r i a l l y  w i th  acetone t o  the  
desired concentrat ions.
CHEMICAL ANALYSIS OF .SM G E SAMPLES
A l l  sewage e f f l u e n t s  c o l l e c t e d  were analysed for  to ta l  ch lor ine  
re s id u a ls .  In a d d i t io n ,  the sewage samples used to  study the Impact on 
th e  p h y to p la n k to n  communities In the James River were analysed for  the  
presence of Inorganic n u tr ie n ts .
An.aly.sJJL A t  Ch I or I ne:
The e f f l u e n t  samples c o l l e c t e d  from  t h e  James R i v e r  Sewage  
T re a tm e n t  P l a n t ,  l a t e r  used f o r  th e  a lg a l  assays with  phytoplankton 
samples c o l le c te d  from the 3 s ta t ions ,  were ana lysed f o r  c h l o r i n e  not  
l a t e r  than 24 hours a f t e r  c o l l e c t io n .  Total ch lo r ine  residuals  In the  
sewage e f f l u e n t  were determined by amperometrlc t i t r a t i o n  with phenylar-  
s ln e  o x id e  a t  pH 4 using a F Ischer-Porter  Amperometrlc T I t r a t o r  (APHA, 
1980; Fischer and Por te r ,  1982)
N u t r ie n t  Analys is  o f  .PhytopLankton Samples
Phytoplankton samples from each s ta t ion  were analysed for  n i t r a t e s ,  
n i t r i t e s ,  s i l i c a t e s  and ammonia. All  n u t r ie n t  determinations were done 
using continuous flow ana lys is ;  Instrumentation c o n s is te d  o f  a CFA 200 
pump and c o l o r i m e t e r  ( S c i e n t i f i c  Instruments Corp.,  Pleasantv 11 I e,  NY, 
USA) and an SCC co lor imeter  (Technicon Instrum ents  C o r p . ,  T a r re y to w n ,  
NY). C o lo r im e te r  path length used varied from 15 to  75 mm depending on 
the concentrat ion range I n v e s t i g a t e d .  A n a l y t i c a l  d e te r m in a t io n s  o f  
n i t r a t e  and n i t r i t e  were s i m i l a r  t o  s tandard  c o l o r i m e t r i c  cadmium
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reduct I on/d I a z o t ! z a t I  on methods (USEPA, 1979) except th a t  the sample to  
r e a g e n t  r a t i o  was Increased to  Improve s e n s i t i v i t y .  Ana ly t ica l  deter ­
m in a t io n  o f  th e  ammonium Ion was based on a m o d i f i c a t i o n  o f  t h e  
pheno I h yp o ch lo r i te  method of Helder and DeVries (1979) .  Frequent stan­
dard curves  and I n t e r n a l  s tandards  were used t o  c a l c u l a t e  n u t r i e n t  
c o n c e n t r a t i o n s .  R e f r a c t iv e  Index corrections were made In c a lc u la t in g  
concentrat ions (F roe l Ich  and PI Ison, 1978). S i l i c a t e  de te rm ina t ion  was 
done using Technlcon Industr ia l  Method (Method No. 186-72W, Technlcon 
In dus tr ia l  Systems, Tarreytown, NY. March, 1973).
DATA ANALYSIS
14The t o t a l  C-uptake due to  photosynthesis  f o r  each t r e a t m e n t  Is  
th e  d i f f e r e n c e  In uptake by th e  sample Incubated In the dark and the  
mean of the dupl icates  Incubated In th e  l i g h t  (s e e  C hapter  I I ) .  The 
p e rc e n t  response fo r  each treatment Is the r a t i o  of  the uptake fo r  each 
treatment to  the uptake for  the  c o n tro l .  Angular t ransform at ion  o f  th e  
p e r c e n t  response was used whenever I t  l inear ized  the re la t io n s h ip  be­
tween percent response and lo g a r i t h m ic  t o x i c a n t  c o n c e n t r a t i o n .  The 
a n g u la r  t r a n s f o r m a t l o n  used was the arcsine of  the square root of  the  
r a t i o  of  the response to  each t r e a t m e n t  t o  t h a t  o f  th e  c o n t r o l .  The 
EC50 Is t h a t  t o x i c a n t  concentrat ion which produces a response equal to  
50 p e r c e n t  t h a t  o f  t h e  c o n t r o l .  Thus,  th e  p h o t o s y n t h e t ic  EC50 Is  
defined as the concentrat ion of to x ic a n t  th a t  causes a 50 percent reduc­
t i o n  In th e  p h o t o s y n t h e t i c  r a t e  r e l a t i v e  t o  t h e  c o n t r o l .  The 
p h o t o s y n t h e t i c  EC50 was determined by l ine a r  regression of the percent  
response against log^q ( to x ic a n t  c o n c e n t r a t io n ) .  C onf id ence  l i m i t s  o f
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9556 were de term ined f o r  each p h o to s y n th e t ic  EC50 by th e  method of  
1 Inverse pred ic t ion*  given In Sokal and Rohlf (1981) .
To determ ine  whether there  Is any d i f fe rence  In the photosynthetic  
response o f  th e  p h y to p la nk ton  communit ies a t  each s t a t i o n  t o  each  
t o x i c a n t  b e f o r e  and a f t e r  d e s t r a t  I f  I c a t  Ion,  t e s t s  were made f o r  
heterogeneity of  the regression l ines (S tee le  and TorrJe, 1960) and th e  
s lop es  (Snedecor and Cochran, 1980) o f  the  l i n e a r  r e g r e s s io n  l ines  
before and a f t e r  d e s t r a t i f I c a t l o n .
RESULTS
E ffe c ts  of  TBTC on York River Phytoplankton
TBTC had the same degree of  Impact on the primary production of  the  
surface phytoplankton samples before and a f t e r  d e s t r a t l f i c a t  I on. Before 
d e s t r a t l f I c a t l o n ,  the photosynthetic EC50 was estimated to  be 7 .2 6  ug/L  
and a f t e r  d e s t r a t i f i c a t i o n ,  the value was 5 .99 ug/L (Table 5 a ) .  Test of 
homogeneity revealed no s ig n i f i c a n t  d i f fe re n c e  between the dose-response 
l i n e s  b e fo re  and a f t e r  d e s t r a t i f i c a t i o n  (Table 6a; Figure 18).  S im i la r  
re su l ts  were obtained fo r  the deep phytoplankton samples. The t o x i c i t y  
o f  TBTC t o  t h e  deep ph y to p la n k to n  samples a f t e r  d e s t r a t i f i c a t i o n  was 
s im i la r  to  th a t  before d e s t r a t i f I c a t l o n .  The EC50f s b e fo re  and a f t e r  
d e s t r a t  I f I c a t  I on were 5 .62 and 7.57 ug/L respect ive ly  (Table 5a ) .  The 
dose-response l in e s  b e fo r e  and a f t e r  d e s t r a t I f I  c a t  I on were not s i g ­
n i f i c a n t l y  d i f f e r e n t  f o r  th e  deep p h y to p la nk ton  samples (T a b le  6a;  
Figure 19) .  The primary production fo r  the surface control samples were 
5 .4 2  and 5 .11  mg C/mg Chi s /hour for  before and a f t e r  d e s t r a t i f i c a t i o n  
re s p e c t iv e ly .  For t h e  deep c o n t r o l  samples, th e  pr im ary  p ro d u c t io n  
b e fo r e  and a f t e r  d e s t r a t l f I c a t I o n  were 3 .30 and 8 .84 mg C/mg Chi .a/hour 
resp ec t iv e ly  (Table 7 a ) .
Acetone had no s i g n i f i c a n t  e f f e c t  on the photosynthetic response of  
the surface sample both before and a f t e r  d e s t r a t i f I c a t  I on ( F i g u r e  1 8 ) .
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Table 5: The Photosynthetfc EC50 and Confidence LIml+s for  Phyto- 
plankton communities from the York and James Rivers  
exposed to  TBTC and Chlorinated Sewage.
a. York R iv e r , TBTC
Samp I e Des tra tii J .ca t .I.o.n
Y4 surface before  
a f t e r
Y4 deep before
a f t e r
m
7.26
5.99
5.62
7.57
lower
J/uteryaJ.
2.35  
1 .20
2 .19
2.40
upper # 
jAterv.a.l
19.6
14.9
12.4 
21 .1
b. York River .  Chlorinated Sewage
Samp le Pestr atJ f  I cat  I on
Y4 surface before  
a f t e r
Y4 deep before
a f t e r
EC50 . percent
9.83
>20 .0
11 .8 
>20.0
lower 
In tervaI
5.11
nd
3.72
nd
upper *
21 .1 
nd
62.2
nd
c. Jam es R iver,  Ch lor fr
_S.amp.Le Des t r a t  I f  Ica t  Ion
J11 surface  
HRS surface
before
a f t e r
before
a f t e r
EC50,percent5.sew_age
4.12
2.72
4.27
3.02
lower *  
Int e r v a l
2.76
0.98
2.36
1 .30
upper # 
In terval
6.10
5.36
7.56
5.55
9556 confidence leve l ,  
nd: cannot be determined.
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Table 6: Test of Homogeneity of Two Regression Lines.
a. Response of phytoplankton to  tox ican t  before and a f t e r  
d e s t r a t I f I c a t I o n  In the York and James Rivers.
Sample Toxicant P = 0.0555
York River Y4 Surface TBTC not s ig n i f i c a n t
York River Y4 Deep TBTC not s ig n i f i c a n t
York River Y4 surface chI or 1nated 
sewage
not s ig n i f i c a n t
York River Y4 Deep chI or Inated 
sewage
sign I f l e a n t
James River J11 surface chI or Inated 
sewage
not s l g l n l f l e a n t
James River HRS surface chlor inated
sewage
not s l g l n l f l e a n t
b. Response of Phytop 
from York River to
lankton In surface and 
the to x ic a n t .
deep samples
D e s t r a t I f I c a t Io n Tpx.if.ant P = . 0 _ , 0 ^
Before TBTC not s ig n i f i c a n t
A f te r TBTC not s ig n i f i c a n t
Before chlor inated
sewage
not s ig n i f i c a n t
A f te r chi or Inated 
sewage
not s ig n i f i c a n t
c. Response of Phytop lankton Samples between 2 sta t ions
(J11 and HRS) In James River to  the Toxicant.
D e s t r a t l f I c a t Io n Toxican t P _=_0.05*
Before chlor inated
sewage
not s ig n i f i c a n t
A f te r ch1 or Inated 
sewaqe
not s ig n i f ic a n t
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Figure 18: Concentratlon/response curve of  York River phytoplankton 
at  Sta t ion Y4 (surface sample) to  TBTC before and a f t e r  
de s tra t  i f 1 ca t  Ion.
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Figure 19: ConcentratIon/response curve of York River phytoplankton
a t  S ta tion  Y4 (deep sample) to  TBTC before and a f te r
d e s t r a t I f I  ca t I on.
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Table 7: Chlcrcphyl I Concentration and Primary Production of the Control Samples of 
Phytoplankton ocrmnunltles exposed to  TBTC and Chlorinated Sewage.
Chlorophyll PRIMARY PRODUCTION
Before or After Concentration 
Sample Destrat l f  Icat Ion mg.Q/1/bour ng
a. York River, TBTC:
Y4 surface before 5.65 0.031 5.42
after 3.70 0.019 5.11
Y4 deep before 12.63 0.042 3.30
after 4.07 0.036 8.84
b. York River, Chlorinated Sewage:
Y4 surface before 4.74 0.061 12.77
after 5.28 0.033 6.22
Y4 deep before 18.50 0.1Z7 6.86
after 6.94 0.033 4.77
c. James River, Chlorinated Sewage:
J11 surfaoe before 9.25 0.217 23.48
affer 8.70 0.110 12.59
l-RS surface before 11.28 0.144 12.79
after 20.64 0.178 8.64
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S i m i l a r l y  f o r  th e  deep sample,  th e  p h o to s y n th e t ic  response was not 
In h ib i te d  by acetone a f t e r  d e s t r a t I f I  c a t  Ion but the  p h o t o s y n th e t ic  
response before d e s t r a t I f I c a t I o n  for  the deep sample was g re a t ly  reduced 
( FIgure 19).
The dose-response l i n e s  f o r  th e  s ha l low  and deep samples before  
d estra t  I f  Icat lon were found to  be not s i g n i f i c a n t l y  d i f f e r e n t .  There  
was a ls o  no s i g n i f i c a n t  d i f f e r e n c e  In the dose-response l ines for  the  
shallow and deep samples a f t e r  d e s t r a t i f i c a t i o n  (Table 6b ) .
E f f  ects, of. Ch lor i nated Sewage ojl York R iver Phytop I ankton
The p h o to s y n th e t ic  EC50*s f o r  s u r fa c e  phytop lank ton  c o l l e c t e d  
b e fo r e  and a f t e r  d e s t r a t  I f I c a t  I on when exposed to ch lor inated sewage 
were 9 .83 and 22,3% sewage concentration re s p e c t iv e ly  ( T a b le  5 b ) .  The 
d o s e - r e s p o n s e  l i n e s  f o r  t h e  s u r f a c e  sam ples  b e f o r e  and a f t e r  
d e s t r a t i f i c a t i o n  were found to be not s ig n i f ic a n t ly  d i f f e r e n t  (Table  6a; 
F i g u r e  2 0 ) .  The ECSO’ s f o r  t h e  deep samples  b e f o r e  and a f t e r  
d e s t r a t i f i c a t i o n  were 11 .8£ and 31.0^ sewage concentration r e s p e c t i v e l y  
(Table 5b) .  There was s ig n i f ic a n t  d i f fe re nc e  In the dose-response l ines  
fo r  the deep samples before and a f t e r  d e s t r a t i f i c a t i o n  (Table 6a; Figure  
2 1 ) .  The p h o to s y n t h e t ic  r a t e  f o r  th e  surface control samples before  
d e s t r a t  I f  I c a t  Ion was observed a t  12 .77  mg C/Chl .a /h o u r  and a f t e r  
d e s t r a t i  f  I c a t  Ion ,  th e  r a t e  was 6 .22  mg C/mg Chi a /hour .  For the deep 
control samples, the photosynthetic ra tes  before and a f t e r  d e s t r a t l f I c a ­
t lo n  were 6 .86 and 4.77 mg C/mg Chi a /hour (Table 7b ) .
Re
sp
on
se
 
(as
 
% 
of
 
C
on
tr
ol
)
81
150 n
A  Before Destrat i f icat ion  
X A f t e r  Destrat i f icat ion
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20
Concentration (Percent of Chlorinated Sewage)
Figure 20: Concentration/response curve of York River phytoplankton 
a t  Sta t ion Y4 (surface sample) to  sewage e f f l u e n t  before  
and a f t e r  d e s t r a t i f i c a t i o n .  (Unchl *  unchi or Inated sewage, 
Dechl = dechI or Inated sewage).
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Figure 21: ConcentratIon/response curve of York River phytoplankton 
at  Stat ion Y4 (deep sample) to  sewage e f f lu e n t  before  
and a f t e r  d e s t r a t i f i c a t i o n .  (Unchl = unchlorinated sewage, 
Dechl = dechlor Inated sewage).
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Unch lor I nated sewage a t  20$ c o n c e n t r a t io n  reduced th e  photosyn­
t h e t i c  response of the surface sample by about 40$ both before and a f t e r  
d e s t r a t 1f I  c a t  Io n . A 20$ dechI or  In a te d  sewage m ix tu r e  reduced t h e  
p h o t o s y n t h e t i c  response In th e  same s u r fa c e  sample by 45$ b e fo r e  
d e s t r a t i f i c a t i o n  and by 30$ a f t e r  d e s t r a t i f i c a t i o n  ( F i g u r e  2 0 ) .  For  
deep samples before d e s t r a t I f I c a t I o n ,  a 40$ reduction In photosynthesis 
was observed for  20$ unchlorinated sewage. However, a f t e r  d e s t r a t I f i c a ­
t i o n ,  a severe In h ib i t io n  of photosynthesis by 20$ unchlorinated sewage 
was noted (F igure 2 1 ) .
The d o s e - r e s p o n s e  l i n e s  f o r  s u r fa c e  and deep samples b e fo r e  
d e s t r a t i f i c a t i o n  were not s ig n i f i c a n t ly  d i f f e r e n t .  S im i la r  re s u l ts  were 
o b ta in e d  fo r  the surface and deep samples a f t e r  d e s t r a t i f i c a t i o n  (Table  
6 b ) .
E f fec ts  of  C h lo r inated Sewage on James River. Phy to p 1ankton
When compared t o  t h e  r e s u l t s  o b t a i n e d  f o r  t h e  Y o r k  R i v e r  
p h y to p la n k to n  samples, the primary production of phytoplankton samples 
from th e  James R iv e r  appeared t o  be more s e n s i t i v e  t o  c h l o r i n a t e d  
sew age .  At 4 .1 2 $  sewage c o n c e n t r a t i o n ,  pr im ary  p ro d u c t io n  o f  the  
phytoplankton samples from S t a t i o n  J11 b e fo r e  d e s t r a t I f I  c a t  I on was 
reduced by 50$ .  A f t e r  d e s t r a t I f I  c a t  Ion ,  50$ I n h i b i t i o n  o f  primary 
production fo r  samples a t  the same s ta t ion  was observed a t  2 .7 2 $  sewage 
c o n c e n t r a t io n  ( T a b l e  5 c ) .  There was no s ig n i f ic a n t  d i f fe re n c e  In the  
dose-response l ines before and a f t e r  destra t  I f  Ica t  Ion f o r  samples c o l ­
le c te d  a t  t h i s  s t a t i o n  (Table 6a; Figure 2 2 ) .  At S ta t ion  HRS, s im i la r
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Figure 22: ConcentratIon/response curve of  James River phytoplankton 
a t  S ta t ion  J11 (surface sample) to  sewage e f f lu e n t  before  
and a f t e r  d e s t r a t I f I c a t I o n .  (Unchi = unchlor Inated sewage, 
Dechi = dechlor Inated sewage).
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resu l ts  were observed. Primary production at  HRS was I n h i b i t e d  by 50$ 
a t  4 .2 7 $  sewage c o n c e n t r a t io n  b e fo r e  d e s t r a t 1f I  c a t  1 on and a t  3.02$  
sewage concentrat ion a f t e r  d e s t r a t I f I c a t ! o n  (Table 5 c ) .  There was a ls o  
no s i g n i f i c a n t  d i f f e r e n c e  In t h e  d o s e - r e s p o n s e  l i n e s  o f  t h e  
phytoplankton samples co l lected  from s t a t i o n  HRS by th e  sewage b e fo r e  
and a f t e r  d e s t r a t i f i c a t i o n  (Table 6a; Figure 2 3 ) .
Unchlorinated sewage a t  20$ concentrat ion reduced photosynthesis by 
2 5 -35 $  In samples c o l l e c t e d  a t  both James R iv e r  s ta t io n s  before and 
a f t e r  d e s t r a t i f i c a t i o n  (Figures 22 and 2 3 ) .  Photosynthesis  o f  samples 
c o l l e c t e d  a t  s t a t i o n  HRS was I n h i b i t e d  35 -45 $  by 20$ d e c h lo r in a te d  
sewage before and a f t e r  the occurrence of d e s t r a t i f i c a t i o n  ( F i g u r e  2 2 ) .  
N e a r ly  50$ p h o to s y n th e t ic  I n h i b i t i o n  by 20$ de c h lo r ina te d  sewage on 
samples c o l l e c t e d  a t  s t a t i o n  J11 was o b s e r v e d  b e f o r e  and a f t e r  
d e s t r a t I f I c a t I o n  (F igure 2 3 ) .
A t e s t  of s i g n i f i c a n c e  showed no s i g n i f i c a n t  d i f f e r e n c e  In th e
dose-response l ines between samples co l lected  from sta t ions  HRS and J11
before d e s t r a t i f i c a t i o n .  There was a lso no s i g n i f i c a n t  d i f f e r e n c e  In
#
th e  dose-response l i n e s  ob ta ine d  from samples co l lected  from the same 
two s ta t ions  a f t e r  d e s t r a t i f i c a t i o n  had occurred (Table 6 c ) .
T o ta l  c h l o r i n e  a n a ly s is  and Inorganic nitrogen concentrat ions of  
chlor inated and u n c h lo r in a t e d  sewage c o l l e c t e d  from t h e  James R iv e r  
T r e a t m e n t  P l a n t  a r e  p r e s e n t e d  In T a b l e  8 .  N u t r i e n t  l e v e l  In 
phytoplankton samples c o l lec ted  In York River and James R iv e r  Is  g iven
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1 0 0 - t A Before Destrat i f icat ion  
X Aft e r  Destrat i f icat ion
8 0 -
5 0 -
20 -
Concentration (Percent of Chlorinated Sewage)
Figure 23: ConcentratIon/response curve of James River phytoplankton 
a t  Sta t ion HRS (surface sample) to  sewage e f f lu e n t  before  
and a f t e r  d e s t r a t I f I c a t I o n .  (Unchl = unchlor Inated sewage, 
Dechl -  dechI or Inated sewage).
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Table 8: Total Chlorine and Inorganic Nitrogen Concentrations In Sewage 
E ff lu en ts  c o l lec ted  at James River Sewage Treatment F la n t .
Date of  C o l lec t io n  March 23 MarxA-JjO August A August JJ
Chlorinated Sewage:
Total Chlorine (mg/L) 2 .02 2.09 2 .00  1.92
NH3-N (ug/L) 13.3 16.4 12.98 17.73
(N02-N03 )-N (ug/L) 0.97 0.64 0 .69 <0.2
Unchlorinated Sewage:
Total Chlorine (mg/L) 0 .0  0 .0  0 .0  0 .0
NH3-N (ug/L) 16.0 18.4 12.04 16.25
(N02-N03 )-N (ug/L) <0.2 <0.2 0.73 <0.2
Note: Sewage e f f lu e n ts  c o l lec ted  on March 23 and 30 were used for  
assay with phytoplankton samples co l lected  In York R iver,
Stat ion Y4 (both surface and deep) before and a f te r  
d e s t r a t l f I c a t I o n  re sp ec t iv e ly .  Sewage e f f lu e n ts  co l lected  
on August 4 and 11 were used for  assay with surface phyto­
plankton samples In James River (both Stat ions J11 and HRS) 
before and a f t e r  d e s t r a t I f I c a t I o n .
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In T a b le  9 .  S t a t i o n  HRS which Is near the  o u t f a l l  had a higher con­
c entra t ion  of ammonia than s t a t i o n  J11. Th is  d i f f e r e n c e  In ammonium 
c o n c e n t r a t io n  between s t a t i o n s  J11 and HRS on both days of c o l le c t io n  
Indicates an Input of ammonia Into the r iv e r  system from th e  t r e a tm e n t  
pI ant .
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Table 9: N u tr ie n t  Concentrations In the Phytoplankton Samples co l lected  
In the York River and the James R iver .
NH.+ SiO ~ NO," NO- 4 4 2 3
Stat ion D.eatrjatXfJ .cation Date
York R iver ,  TBTC:
Y4 surface before
a f t e r
Y4 deep before
a f t e r
York R iver ,  Chlorinated Sewage:
Y4 surface before
a f t e r
Y4 deep before
a f t e r
James R iver ,  Chlorinated Sewage:
. - u.M__ _  .yJl- . uM -
Mar 26 na 24.3 0.12 0.38
Apr 1 na 7.11 0.15 1.05
Mar 26 na 3.12 0.09 0.00
Apr 1 na 1.21 0.10 0.06
Mar 24 na 26.1 0.12 0.03
Mar 31 na 21 .8 0.42 1.79
Mar 24 na 3 .5 0.11 0.14
Mar 31 na 8 .8 0.25 0.24
J11 surface before
a f t e r
Aug 6 
Aug 12
3.01
1.96
41 .3 
44.2
0.93  
1 .67
3.12
3.19
HRS surface before
a f t e r
Aug 6 
Aug 12
7 .6
3 .34
44.6
36.5
1.02 
1 .05
3.31
2.20
na: not aval Iable
DISCUSSION
The degree of  s t r a t i f i c a t i o n  of the water column did not modify the 
response o f  n a tu r a l  York R iv e r  phyto p lank ton  communit ies t o  TBTC. 
Communities from th e  s u r fa c e  responded s i m i l a r l y  t o  those from 12 m 
depth. The mean p h o to s y n th e t ic  EC50 from York R iv e r  p h yto p lank ton  
exposed to  TBTC was 6 . 6  ug/L (5 .6 2  to  7 .57 ug /L ) .  S im i la r  studies by 
Wong and coworkers (1982 )  on Indigenous a lg a e  In lake  w ater  u s in g  
t r i b u t y l  t i n  oxide showed s im i la r ly  high t o x i c i t y  of  the compound. They 
obtained a mean In h ib i t io n  concentration I . e .  the concentrat ion causing  
a 50% reduction In primary p rod uct iv i ty  of 3 ug/L.
A comparison of the EC50f s of TBTC for  the Indigenous phytoplankton 
communit ies In the York River and the EC50*s obtained using laboratory-  
cultured s ing le  species algae (see Chapter I I )  I n d ic a t e s  s i m i l a r  sen­
s i t i v i t y  of  the Indigenous populations to  the to x ic a n t .  The chlorophyll  
and c e l l  density EC50f s of SkeIetonema were < 1 .0  ug/L w h i l e  th e  Day 0 
p h o to s y n th e t ic  EC50 was 1.68 ug/L. The mean EC50 for  Prorocentrum was 
2 .6  ug/L. The EC50*s fo r  the surface Indigenous p h y to p la n k to n  of  York 
R iv e r  were 7 .2 6  and 5 .9 9  ug/L f o r  b e fo re  and a f t e r  d e s t r a t i f I c a t l o n  
re s p e c t iv e ly .  For the deep Indigenous ph yto p lank ton  com m unit ies ,  th e  
EC50f s were 5.62 and 7.57 ug/L. However, In the case of Isochrysls . the  
re s u l ts  suggested the s e n s i t i v i t y  of  th is  s ingle  species was s i m i l a r  t o  
t h a t  f o r  th e  Indigenous p h y to p la n k to n .  The c e l l  d e n s i ty  and Day 0
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pho+osynthef?c EC50f s of  1 sochrys 1 s were 9 .5 8  and 10 .23  ug/L but the
c h lo r o p h y l l  EC50 value of 1.14 ug/L was anomalous with the c e l l  density
and Day 0 photosynthetic EC50*s. The photosynthetic EC50f s o f  TBTC f o r
th e  Indigenous species approximated well with the photosynthetic  EC50f s
as welI  as th e  EC50f s de termined from c h lo r o p h y l l  and c e l l  d e n s i ty
measurements o f  th e  c u l t u r e d  p o p u la t i o n .  The EC50f s of  the cultured
species and the Indigenous populations d i f fe r e d  by less than an order of
14magnitude. Thus, the use of the C-uptake assay procedure for  t o x i c i t y  
assays Is j u s t i f i e d  for  both cultured species and natural populations.
Phytop lankton  samples co l lected  from both r iv e rs  were se ns i t iv e  to  
chlor inated  sewage a t  20# c o n c e n t r a t io n  (F ig u r e s  2 0 - 2 3 ) .  W hi le  the  
t o x i c i t y  o f  c h l o r i n a t e d  sewage Is a t t r i b u t a b l e  to  several components, 
ch lo r ine  Is without doubt a major fa c to r .
Chlorine and I ts  associated residuals  have previously been shown to  
be to x ic  to  marine phytoplankton a t  low concentrat ions when a p p l ie d  to  
power p l a n t  c o o l in g  water. Morgan and Stross (1969) observed th a t  the  
absence of  any measurable photosynthesis In the cooling water of a steam 
e l e c t r i c  s t a t i o n  lo ca te d  on the  P a tu x e n t  R iv e r  e s tuary  was d i r e c t l y  
re la ted  to  the amount o f  c h l o r i n e  I n j e c t e d .  Ham i l ton  e t  a I . (1970 )  
showed t h a t  steam e l e c t r i c  s ta t ions  could reduce primary production of 
cooling water by 91# as a r e s u l t  of ch lor ine  app l ica t ion  fo r  c o n t r o l  o f  
f o u l i n g  organism s.  The reductions In photosynthesis ranged from 50 to  
91.3# In 4 separate experiments. Carpenter  e t  a I . (1 9 7 2 )  a ls o  showed 
pr im ary  p ro d u c t iv i ty  of entrained marine phytoplankton was Inh ib i ted  by 
c h l o r i n a t i o n .  P r o d u c t i v i t y  o f  e n t r a in e d  marine p h y to p la n k to n  was
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m easured  a t  8 c o n c e n t r a t io n s  of  c h l o r i n e  which were c o n t in u o u s ly  
applied. At the lowest c o n c e n tra t io n  ( a d d i t i o n  o f  0 .1  ppm a t  In t a k e ,  
below measurable  a t  discharge), product iv i ty  was 19% less than th a t  a t  
the in take, and a t  the highest c o n c e n t r a t io n  ( a d d i t i o n  o f  1 .2  ppm a t  
I n t a k e ,  and 0 . 4  ppm a t  d isc h a rg e )  I t  was 83>K less than a t  In t a k e .  
Eppley e t  a I . (1976) evaluated the e f fe c t  of ch lor ine  releases from th e  
San Onofre Nuclear Generating Stat ion on phytoplankton photosynthesis In 
the coastal water. They noted th a t  the ch lor ine  concentrat ions required  
to  I n h i b i t  photosynthesis  by 50% varied with the durat ion of exposure. 
For 24-hour exposure, a concentration of 10 ppb Is s u f f i c i e n t  to  e f f e c t  
a 50% I n h i b i t i o n .  Previous Investigations on the e f f e c t  of ch lor ine  on 
the photosynthesis of phytoplankton have Involved the use of ch lor inated  
seawater as the to x ic a n t .  I t  Is noted th a t ,  so f a r ,  no one has examined 
the e f f e c t  of  ch lor inated sewage on the photosynthesis of phytoplankton. 
The p re s e n t  study Is th e  f i r s t  to  e v a lu a te  the Impact of ch lor inated  
sewage on the photosynthesis of estuarine phytoplankton.
C h lo r i n e  and i ts  associated residuals do not account for  the to ta l  
t o x i c i t y  of  the chlorinated sewage since sewage samples without ch lor ine  
and I t s  r e s i d u a l s  were a ls o  found t o  be t o x i c  t o  th e  phytoplankton  
samples. Unchlorinated sewage a t  20% concentrat ion (4 t imes th e  sewage 
concentrat ion a t  the d i f fu s e r  of the James River Sewage Treatment Plant)  
decreased the photosynthetic response by 25 to  40%. C h lor ina t ion  of the  
sewage thus In creases  I ts  t o x i c i t y .  A s im i la r  observation was made by 
Esvelt  and coworkers (1973)  who performed b ioassays  o f  c h l o r i n a t e d  
municipal wastewaters using golden shiners (Notemlgonous c hrysoleucas) .
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The photosynthetic response was reduced 35 +o 50% by d e c h lo r in a te d  
sewage a t  a 20$ c o n c e n t r a t io n  ( F ig u r e s  2 0 - 2 3 ) .  T h is  compares with 
photosynthet ic reduction of  55 t o  95$ by c h l o r i n a t e d  sewage a t  a 20$ 
c o n c e n t r a t i o n .  However, one e x c e p t io n  was noted; the photosynthetic  
response of  York  R i v e r  p h y t o p l a n k t o n  t o  c h l o r i n a t e d  sewage In 
d e s t r a t i f i e d  c o n d i t io n  was I n h i b i t e d  by only 25$ for  the  deep sample 
(F igure  2 1 ) .  Thus d e c h l o r i n a t i o n  reduces t o x i c i t y  due t o  c h l o r i n e  
r e s i d u a l s ,  but c h l o r i n a t i o n / d e c h l o r i n a t i o n  does not e l im ina te  the in­
herent t o x i c i t y  of sewage. This observat ion  was a ls o  noted by E s v e l t  
and coworkers (1973) who assayed chlor inated municipal wastewaters using 
golden shiners. They found t h a t  d e c h l o r i n a t i o n  of  c h l o r i n a t e d  was­
t e w a t e r s  w i th  sodium b i s u l f i t e  added s l i g h t l y  In excess complete ly  
removed th e  chI o r  In e - In d u c e d  t o x i c i t y .  T h e i r  r e s u l t s  showed a net  
r e d u c t io n  In t o x i c i t y  of the  e f f lu e n ts  a f t e r  c h lo r in a t io n  and followed  
by dechlor inat ion .
S u r f a c t a n t s  and t h e i r  breakdown products  pose another possible  
source of t o x i c i t y  In the sewage. The presence of  s u r f a c t a n t s ,  par ­
t i c u l a r l y  the wldely-used anionic  and nonionic sur factants ,  can augment 
the ov e ra l l  t o x i c i t y  of the sewage e f f l u e n t .  The sur fac tan t  components 
In sewage e f f lu e n t  with po ten t ia l  t o x i c i t y  are the a Iky I phenols and I ts  
e thoxyla tes ,  especia l ly  the nonylphenols and I t s  ethoxyla tes (Stephanou  
and Giger,  1982). These compounds, thought to  be r e f ra c to ry  metabolites  
of non Ionic surfactants  of the nonyI phenol po lyethoxyIa tes, are p e rs is t ­
e n t  In t h e  e n v i r o n m e n t  (S te p h a n o u  and G i g e r ,  1 9 8 2 ) .  Though th e  
alkylphenol po I yethoxy I ates a re  r e l a t i v e l y  harm less ,  the y  a re  t r a n s ­
formed In b i o l o g i c a l  sewage t r e a t m e n t  t o  r e f r a c t o r y  and p e r s is te n t
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metabol i tes ,  e s p e c i a l l y  th e  nonylphenol e t h o x y l a t e s ,  which a re  more 
t o x i c  than th e  p a r e n t  compounds. The t o x i c i t y  of nonylphenol has been 
demonstrated In th e  past  (W einberger  and Rea, 1981; McLeese e t  a I . , 
1 9 8 1 ) .  Samples o f  c h l o r i n a t e d  sewage from th e  James R iv e r  Sewage 
Treatment P lant  were analysed fo r  these compounds. Mass spectrometry In 
tandem  w i t h  gas c h rom atograph Ic  s tu d ie s  showed u n e q u iv o c a l l y  th e  
presence of nonylphenol,  nonylphenol monoethoxyI a te  and nonylphenol  
dI ethoxy I a te  (Su and Ho, unpublished d a ta ) .
Other surfactants  may c o n t r i b u t e  to  th e  o v e r a l l  t o x i c i t y  o f  th e  
sewage a l tho ugh  no e f f o r t  was made to  demonstrate t h e i r  presence. The 
p o s s ib i l i t y  of heavy metals contr ibut ing  to  part  of  the overa l l  t o x i c i t y  
of  t h e  c h l o r i n a t e d  sewage cannot be discounted since analysis  of  heavy 
metals was not performed. Household p e s t i c i d e s  In t r a c e  amounts a re  
another possible source of t o x i c i t y .
Phytoplankton communities from the James R iv e r  seemed t o  be more 
s e n s i t i v e  t o  c h l o r i n a t e d  sewage than those  from th e  York R iver .  In 
general,  the EC50 of ch lor ina ted  sewage f o r  James R iv e r  p h y to p la n k to n  
communit ies was one h a l f  th a t  fo r  York River phytoplankton communities 
before d e s t r a t I f I c a t I o n  and only about one tenth a f t e r  d e s t r a t i f i c a t i o n  
(Table 5 ) .  The response of James River phytoplankton to  20% ch lo r ina ted  
sewage was more pronounced than t h a t  f o r  York R iv e r  p h y to p la n k to n ,  
e x h i b i t i n g  a 9 2 % r e d u c t io n  In p r o d u c t i v i t y  as compared t o  60-80% 
reduction. Based on responses to  u n ch lo r in a te d  sewage responses,  th e  
sewage used fo r  the James River  assays appeared s l i g h t l y  less to x ic  than 
th a t  used fo r  the York River assays (compare Figure 20, 22 and 2 3 ) .
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One p o s s ib le  e x p la n a t io n  f o r  th e  d i f f e r e n t  response Is th a t  the  
t o x l c l t l e s  of the ch lor ina ted  sewage used f o r  both r i v e r  samples were 
not th e  same s in c e  they  were c o l l e c t e d  a t  d i f f e r e n t  t imes. As noted 
above, t h e r e  was no a t te m p t  t o  ana lyse  f o r  th e  p r e s e n c e  o f  o t h e r  
t o x i c a n t s .  The apparent d i f f e r e n t  s e n s i t i v i t i e s  could be a t t r ib u t a b le  
to  d i f ferences  In the phytoplankton community s t r u c tu r e  due t o  s p a t i a l  
and temporal f a c t o r s .  The f a c t  t h a t  th e  samples were co l lected  from 
d i f f e r e n t  r i v e r s  may e x p l a i n  t h e  d i f f e r e n c e s  In t h e  community  
c o m p o s i t io n .  A ls o ,  s in c e  th e  samples were c o l lec ted  from both r iv e rs  
during d i f f e r e n t  t ime of the year, seasonal v a r ia t io n s  in phytop lankton  
c o m p o s i t io n  Is l i k e l y .  In g e n e r a l ,  the  w i n t e r  f l o r a  In th e  lower 
Chesapeake Bay Is dominated by a few species  o f  diatoms w h i le  f l a g e l ­
l a t e s  e s p e c i a l l y  d I n o f Ia g e l I a t e s  were more important during summer and 
la te  autumn (Patten e t  a I . . 1963). Marshall (1980) In d ic a te d  t h a t  the  
w a t e r s  o f  th e  lower Chesapeake Bay c o n ta in  success lona l  s e r i e s  of  
phytop I ankters th a t  a t t a in  various degrees of dominance as th e  seasons 
advance. He noted t h a t  In g e n e r a l ,  th e  w aters  o f  the lower bay and 
adjacent  e s t u a r i e s  a re  dominated by Ske I etonema £ 9J5.tatum and o th e r  
diatoms s i m i l a r  t o  those  found In she lf  waters and only during summer 
was there  a v a r ie ty  of  other dominants.
S ince  th e  expe r im e n ts  were conducted In th e  two r i v e r s  dur ing  
d i f f e r e n t  seasons (w in te r  versus summer), the d i f f e r e n c e  In w ater  tem­
p e r a t u r e  Is  a n o t h e r  p o s s i b l e  e x p l a n a t i o n  f o r  th e  d i f f e r e n c e  In 
s e n s i t i v i t i e s  o f  th e  p h y to p la n k to n  t o  th e  e f f l u e n t .  P hy top lank ton  
c u l t u r e s  have been shown to  be more s ens i t ive  to  ch lo r ine  when exposed 
to  the to x ic a n t  a t  te m p e ra tu re s  d e v i a t i n g  from th e  o r i g i n a l  c u l t u r e
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te m p e ra tu re  (R o b e r t s ,  1 9 7 7 ) .  EC50*s f o r  4 u n ic e l lu la r  algae species 
exposed t o  c h l o r i n e  a t  3 s a l i n i t i e s  and 3 te m p e ra tu re s  suggested a 
te m p e ra tu re  e f f e c t  although no consistent  trend can be established for  
the 4 species tested (Bender e t  a I ■r 1977).
The average EC50*s for  the phytoplankton communities co l lec ted  from 
York and James Rivers were 10.8 and 3.5^ sewage c o n c e n t r a t io n s  re sp ec ­
t i v e l y  f o r  t h e  s t r a t i f i e d  c o n d i t i o n .  T r a n s la t e d  In t o  c h l o r i n e  
concentrat ion, the EC50! s are equivalent  to  0.22 and 0.07 mg/L c h l o r i n e  
r e s p e c t i v e l y .  The c h l o r i n e  c o n c e n t r a t io n  f o r  York R iv e r  was a low 
estimate since the EC50’ s for  York River a f t e r  d e s t r a t  I f  I c a t  Ion {>20%)  
were not  used In c a l c u l a t i n g  th e  average EC50. At  th e  James River  
Sewage Treatment P la n t ,  the I n i t i a l  d i l u t i o n  r a t e  f o r  th e  c h l o r i n a t e d  
sewage e f f l u e n t  e n t e r i n g  th e  r i v e r  Is 1 :20  (R ober ts  e t  a I . . 1980;  
LeBlanc e t  a I . . 1978). At th is  d i l u t i o n ,  the ch lor ine  c o n c e n tra t io n  a t  
th e  p o in t  o f  d is c h a rg e  would be 0.1 mg/L. At t h i s  concentrat ion, one 
would expect some In h ib i t io n  o f  p h o to s y n th e s is  f o r  th e  ph yto p lank ton  
communit ies In t h e  James R iv e r  p a r t i c u l a r l y  a t  S ta t io n  HRS which Is 
located adjacent t o  th e  o u t f a l l .  At lo c a t io n s  more remote from th e  
d is c h a rg e  p o i n t ,  th e  c h l o r i n e  le v e l  would be p r o g r e s s iv e ly  d i lu te d  
re s u l t in g  In decreased t o x i c i t y .
CONCLUSIONS
1. TBTC Is h ig h ly  t o x i c  t o  n a tu r a l  phytoplankton communities. The 
average EC50 of TBTC for  a l l  phytoplankton samples c o l l e c t e d  from 
the York River was 6 .6  ug/L (range of 5 .6  to  7 .6  ug /L) .
2 .  There was no s ig n i f i c a n t  d i f fe rence  In the response of  York R iv e r  
p h y t o p I  a n k t o n  c o m m u n i t i e s  t o  TBTC b e f o r e  and a f t e r  
d e s t r a t i f  I cat  Ion. S im i la r l y ,  the response of York and James R iv e r  
ph yto p la nk ton  communit ies t o  c h l o r i n a t e d  sewage were not  s ig ­
n i f i c a n t l y  d i f f e r e n t  before and a f t e r  d e s t r a t I f I  cat  Ion.
3 .  James R i v e r  p h y to p la n k to n  communities were more s e n s i t i v e  to  
chlor inated  sewage than York River phytoplankton communities. With 
u n c h lo r in a te d  e f f l u e n t ,  however, York R iv e r  phytoplankton com­
m u n i t ie s  was more s e n s i t i v e  th a n  James R i v e r  p h y t o p l a n k t o n  
communities. The reasons c i te d  for  the d i f fe rence  In s e n s i t i v i t i e s  
are only specula t ive .
4 .  The t o x i c i t y  o f  the ch lor inated sewage was p a r t i a l l y  a t t r ib u te d  to  
th e  presence of  c h l o r i n e  and I t s  a s s o c i a t e d  r e s i d u a l s .  The  
presence o f  nony I phenols and I t s  ethoxylates could also contr ibute  
to  the overa l l  t o x i c i t y  of  the sewage. Other c o n tr ib u t in g  f a c t o r s  
such as heavy m e ta ls ,  p e s t ic id e s  and other surfactants  and t h e i r
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degradation products should not be discounted s in c e  no e f f o r t  was 
made for  analys is  of  t h e i r  presence.
5. A decrease In the Indigenous phytoplankton p r o d u c t i v i t y  In James 
R iv e r  by th e  d is c h a rg e  o f  c h l o r i n a t e d  sewage Is expected par­
t i c u l a r l y  In the v i c i n i t y  o f  high sewage c o n c e n t r a t io n  near th e  
point of  discharge.
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